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ANOTACIJA

Neskatoties uz to, ka pastav kopums ar programmatiiras modeléSanas valodam
(ieskaitot vienoto modeléSanas valodu UML) un So valodu atbalstos$am programmatiiras
izstrades metodém, programmatiras izstrades [tmenis joprojam ir saglabajies pietickami zems
(izejot no ta, ka: lielu programmatiiru izstrades nereti tiek atceltas; tiek partéréts izstradei
atveletais budzets un laiks un rezultata iegiitas programmatiiras kvalitate ir neapmierinosa).
Sadam faktam par iemeslu ir problémvides funkcionésanas pilniga vai dalgja ignorésana
programmatiiras izstrades laika (vairakuma gadijumu ta pastav un eksisté atdaliti no izveidota
risinajuma), tadejadi veicinot plaisas izveido$anos starp problémvidi un risindgjumu. ST plaisa
galvenokart veidojas tadél, ka netiek veltita pienaciga uzmaniba tam, lai izanaliz€tu un
saprastu problémvides funkcionéSanu. Atseviskos gadijumos programmatira tiek izstradata
ta, ka to redz un iedomajas tas izstradatajs, nevis ka to nosaka problémvides darbibas
Ipatnibas. Plaisa starp problémvidi un piegadato risinajumu nelauj viennozimigi izsekot
clonseku attiecibam ka problémvideé, ta piegadataja risindjuma. Nesp&jot izsekot STm
celonseku attiecibam abas vides, programmatiiras akceptéSanas process zaudé savu jégu un
nozimi — programmatiras pasiititajam nav iesp&ju parbaudit piegadato risinajumu, to validgjot
attieciba pret problemvidi.

Promocijas darba ,,Topologiska vienota modelésanas valoda: izstrade un lietosana”
mérkis ir izpétit UML valodu un tas lietoSanas metodes programmatiiras izstrades procesa
nodro$inasanai, rezultata piedavajot uzlabotu UML valodas versiju — Topologisko vienoto
modeléSanas valodu TOpUML — un tads izmantoSanas metodi formala programmatiiras
izstrades procesa nodroSinasanai un viennozimigai c€lonseku atsekojamibai gan problémvide,
gan programmattira.

Promocijas darba ietvaros izstradata valoda un tas lietoSanas metode ir aprobéta
eksperimentala programmatiiras projekteéSanas projekta un parauga programmatiiras izstrades
projekta. Parauga programmatiira ir izstradata organizacijas datu sinhroniz€Sanai no
vairakiem datu avotiem uz vienu datu glabatuvi; paslaik ta ir uzstadita un tiek ekspluatéta
produkcijas vide, tadejadi apliecinot TopUML un tas lietoSanas metodes izmantoSanu
programmatiiras izstrades projektos.

Sis darbs sastav no 224 lappusém, 71 attéla, 32 tabulam, 14 pielikumiem un 134

informacijas avotu nosaukumiem.



ABSTRACT

Despite that in nowadays exists a bunch of software modeling languages (including
the Unified Modeling Language (UML)) and methods that consumes such modeling
languages, the way software is built remains surprisingly primitive (by meaning that major
software applications are cancelled, overrun their budgets and schedules, and often have
hazardously bad quality levels when released). This phenomenon can be explained by the fact
that the problem domain exists separately from the solution domain (i.e., by not paying
appropriate attention to the analysis of the problem domain functioning). Furthermore, in
particular cases the software is built as the developers see the solution and not as the problem
domain functions. By reducing or even avoiding proper analysis of the problem domain, the
traces between problem and solution domain cannot be established. Without traces between
both domains the acceptance process of developed software gets meaningless since the
customer cannot fully verify the delivered solution (in terms of relating problem domain to
the software).

The main purpose of this doctoral thesis titled “Topological Unified Modeling
Language: Development and Application” is researching UML and software development
methods that support and promote the application of UML. The aim of the research is to
create a new version of UML that can be applied in a formal way which allows clearly tracing
cause-and-effect relationships between the problem and solution domains.

To achieve the goal of this thesis a new language is developed — Topological Unified
Modeling Language (TopUML) — and its supporting software development method —
TopUML modeling. The TopUML includes elements that allow formally relating problem
and solution domains while the TopUML modeling promotes formal software development
process. In short — TopUML modeling ensures that software artifacts are created in a strong
conformance with the functioning of the problem domain. The developed language and
TopUML modeling method are applied in an experimental project and in a case study project.
The experimental project includes software designing for laundry problem domain at the
computation and platform independent viewpoints, while during the case study project
enterprise data synchronization software is designed and developed which currently operates
in production environment.

The doctoral thesis contains 224 pages, 71 figure, 32 tables, and 14 appendices.

Bibliography includes 134 information sources.
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INTRODUCTION

The analysis of problem domain and design of desired solution within software
development process has a major impact of the achieved result — developed software. While
the software developer community uses a set of tools and different techniques to create
detailed specification of the solution, the proper analysis of problem domain functioning is
ignored or covered insufficiently. One of such techniques is object-oriented software analysis
and development which states that there are two fundamental aspects of systems modeling:
analysis and design. The analysis defines what the solution needs to do within the problem
domain to fit the customer’s requirements, and the design states how the solution will be
implemented. The design of object-oriented software for the last decade has been leaded by
the Unified Modeling Language (UML). UML is an approved industry standard modeling
notation for visualizing, specifying, constructing, and documenting the artifacts of a software-
intensive system [89]. While the UML has elements for designing and specifying artifacts of a
software system, it lacks the ability to document the functioning of a problem domain by
using computation independent constructs. Since the UML is a notation and not a technique
or method, its application within software analysis and design is promoted by a set of

different software development methods and approaches.

Motivation of the Research

Despite that in nowadays exists a bunch of software modeling languages (including
the UML approved and promoted by Object Management Group (OMG)) and methods that
consumes such modeling languages, the way the software is built remains surprisingly
primitive (by meaning that major software applications are cancelled, overrun their budgets
and schedules, and often have hazardously bad quality levels when released) as outlined by
Jones in [55]. This phenomenon can be explained by the fact that the problem domain exists
separately from the solution domain (i.e., by not paying appropriate attention to the analysis
of the problem domain functioning). Furthermore, in particular cases the software is built as
the developers see the solution and not as the problem domain functions. By reducing or even
avoiding proper analysis of the problem domain, the traces between artifacts of problem and
solution domains cannot be established. Without these traces the acceptance process of
developed software gets meaningless since the customer cannot fully verify the delivered

solution (in terms of relating functioning of the problem domain to the delivered software).
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While the UML has diagrams that describes system from both static and dynamic
viewpoint, the language alone is not sufficient for a successful development and delivery of a
software system. It should be combined together with appropriate software modeling method
or technique. To motivate software developers to pay more attention on the analysis and
understanding of problem domain and its functioning, an appropriate models and their
application method should be provided. The research results outlined by Jones has proved that
the UML and the existing UML modeling driven methods do not provide such appropriate

model and modeling guidelines.

Research Area

The research area in the focus of this research is the topological modeling of system
functioning (both — the problem and the solution domain). The topological modeling of
system functioning was started in the middle of 1960°s in Riga Technical University by Janis
Osis. The first theoretical foundations of Topological functioning model (TFM) and its
application in the topological modeling of system functioning are represented in [99]. The
review of topological modeling of system functioning and its evolution in Riga Technical
University can be found in [97].

The initial problem domain in which TFM is applied is the diagnostic of mechanic
devices (e.g., motor vehicles) based on cybernetics and computer science. Large number of
high-quality algorithms and methods related to the TFM application in diagnostic tasks are
summarized in [106]. The application of TFM within different problem domains and areas is
developed today as well. In fact, the [96] and [99] propose a new foundation of the system
theory. The first research of TFM and the category theory is given in [95] while the
perspective research direction in the field of software engineering is started in [98] related to
the microprogramming optimization.

Topological modeling of system functioning has been successfully applied in the field
of medical problems solving and diagnostics by Zigurds Markovics since beginning of 1970’s
[72]. The work of Markovics is extended with mathematical model composition of elements
mini-models [74] and expert knowledge [75]. By continuing to introduce topological
modeling of system functioning into medicine the [56] and [73] successfully illustrates its
application for therapy selection.

The research work continued by Janis Grundspenkis initially was related to

investigations of cycle hierarchies for the purpose of rational diagnostic algorithm
8



development [45], [50]. Later the topological modeling research direction by Grundspenkis is
evolved as structural modeling [49] which is developed to support systematic causal domain
model based knowledge acquisition. The knowledge base is divided into two parts: a
topological knowledge base and a deep knowledge rule base. The topological knowledge base
supports reasoning in logic thus allowing to make decisions about relationships between
elements and functioning of a system in normal conditions. The deep knowledge rule base
supports diagnostic and predictive reasoning if backward or forward chaining is executed.
Structural modeling is applied in two problem domains: early stages of design (to find the
structure of the system with physically heterogeneous elements), and technical diagnosis (to
acquire model-based conclusions about the functioning of a system under component fault
conditions and to make conclusions about failure propagation as well as about causes of
parameter value changes) [46]. The essence of structural modeling is the systematic procedure
for construction of three structural (i.e., topological) models representing the morphology,
functions and behavior of complex technical system [47]. Structural modeling approach has
been implemented in automated structural modeling system ASMOS [48]. An agent-based
modeling is presented in [131] in order to strengthen dynamic relations between the modeled
system’s objects.

The topological modeling of system functioning has proved itself as a powerful
instrument in the domain of embedded systems where the analysis is done by applying
topological function—-architecture co-design method [107]. It combines principles of co-design
and Model Driven Architecture (MDA) and introduces explicit architectural and computation
independent models and formalizes their evolution.

The research direction continued by Osis is related to TFM application in the field of
object-oriented analysis and object-oriented software development. Recent research results
are published as follows: topological modeling application for business process modeling and
simulation [109], TFM application in the software development for mechatronic and
embedded systems [93], introducing more formalism in problem domain analysis ([5], [6],
[28], and [26]), formal analysis of Computation Independent Model (CIM) within MDA
([94], [100], [104], and [124]), formally specifying Platform Independent Model (PIM) and
performing transformation CIM-to-PIM within MDA ([29] and [31]). The theoretical
foundations of TFM are summarized and published in monograph [101] where the definitions
of TFM are given and the powerfulness of TFM is demonstrated in the context of formal
problem domain analysis. This research is the continuation of topological modeling of system

functioning evolution within the field of object-oriented analysis and software development.
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Purpose of the Research

The goal of the thesis is to supplement UML with theoretical foundations in order to

create grounds for converting notation into a formal modeling language and to define

modeling method which allows to clearly trace cause-and-effect relationships in both problem

and solution domains.

The tasks of thesis in order to achieve the goal are defined as follows:

1.

Explore the evolution of UML and its specification in order to outline the positive
and negative aspects of the current language’s version application within software
development thus identifying aspects of UML that should be improved,

Identify UML extension mechanisms and options in order to determine the best
suitable extension mechanism to implement the extended version of UML,
Analyze the main characteristics of a set of UML modeling driven software
development approaches and compare their potentialities in formalizing the
problem domain and creating solution domain design in accordance with the
functioning characteristics of problem domain,

Develop template for specifying an UML profile,

Develop a new profile — Topological UML (TopUML) — in accordance with the
identified aspects of UML that should be improved and according to the developed
UML profile specification template,

Specify software development method that supports formal application of created
TopUML profile that allows to clearly trace cause-and-effect relationships in both
problem and solution domains,

Approbate the developed profile and its application method in experimental
software development project involving into software design process several
groups of software development experts, and

Approbate the developed profile and its application method in a real software
development project providing step-by-step case study exploration.

The research objects are UML and its application methods that support application of

UML within software development.

The research subject of the thesis is UML and its application methods, focusing on

the formal development of software design models and the establishment of traces between

problem domain and solution domain artifacts.
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The following research methods are used: mathematical model and modeling
language to specify problem domain and solution domain, metamodeling method, model
transformation, as well as the following parts of mathematic — general topology, combinatory

topology, graph theory, and mathematical logic.

Scientific Innovation and Practical VValue

The scientific innovation of the research is formal modeling of solution domain in
strong accordance with the functioning of problem domain by using TopUML and formal
software designing and development method which is specially developed to drive the
application of TopUML diagrams within software development process. The TopUML
together with its modeling method enables less intuitive specification of problem domain and
creation of solution domain artifacts. Furthermore, the solution domain artifacts are fully
traceable to the problem domain artifacts (and vice versa) thus allowing to evaluate the effect
of changes within any of the two domains. Characteristics of the developed TopUML
modeling method are compared with the set of currently existing UML modeling driven
software development methods and techniques.

The practical value of the research is specification of TopUML profile which
combines formalism of TFM mathematical topology and specification standard of OMG, and
specified software analysis and design method. The developed modeling method enables
application of TopUML diagrams in a formal software development process and consists of
formally defined designing activities thus enabling solution development in accordance with
functioning characteristics of problem domain and clearly tracing cause-and-effect
relationships in artifacts of problem and solution domains. Since the TopUML is developed as
UML profile, it can be implemented in any existing UML modeling tool that supports
definitions of custom profiles.

Specifications, methods and other artifacts created during this research are as follows:

e Specification of TopUML profile in accordance with UML version 2.4.1

specification,

e Definition of TopUML modeling method,

e Monograph that explores step-by-step design development with TopUML

modeling for laundry problem domain business support software system, and

o Software designed with TopUML that performs enterprise data synchronization.
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Approbation of the Work Results

The main results of the research are presented in the following seven international

scientific conferences (two were held in Latvia and five in foreign countries):

1.

7™ International Conference on Evaluation of Novel Approaches to Software Engineering
(ENASE 2012), Wroclaw, Poland, June 29-30, 2012

13™ International Conference on Enterprise Information Systems (ICEIS 2011), Beijing,
China, June 8-11, 2011,

3" International Workshop on Model-Driven Architecture and Modeling Driven Software
Development (MDA & MDSD 2011) in conjunction with 6™ International Working
Conference on Evaluation of Novel Approaches to Software Engineering (ENASE 2011),
Beijing, China, June 8-11, 2011,

2" International Workshop on Model-Driven Architecture and Modeling Theory-Driven
Development (MDA & MTDD 2010) in conjunction with 5™ International Conference on
Evaluation of Novel Approaches to Software Engineering (ENASE 2010), Athens,
Greece, July 22-24, 2010,

13™ East-European Conference on Advances in Databases and Information Systems
(ADBIS 2009), Riga, Latvia, September 7-10, 2009,

4™ International Conference on Evaluation of Novel Approaches to Software Engineering
(ENASE 2009), Milano, Italy, May 9-10, 2009, and

The 49" Scientific Conference of Riga Technical University, Riga, Latvia, October 13-15,
2008.

The main results of the research are published in the following scientific papers:
Donins U. Semantics of Logical Relations in Topological Functioning Model//
Proceedings of the 7™ International Conference on Evaluation of Novel Approaches to
Software Engineering (ENASE 2012) — 2012. (To be published)

Donins U., Osis J., Asnina E., Jansone A. Formal Analysis of Objects State Changes and
Transitions// Proceedings of the 7™ International Conference on Evaluation of Novel
Approaches to Software Engineering (ENASE 2012) — 2012. (To be published)

Donins U., Osis J. Topological Modeling for Enterprise Data Synchronization System: A
Case Study of Topological Model-Driven Software Development// Proceedings of the 13"
International Conference on Enterprise Information Systems, Volume 3. - Beijing, China:
SciTePress, 2011. - pp. 87-96 [Indexed by Thomson Reuters, Inspec, EI, DBLP, ISTP]
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10.

11.

Donins U., Osis J., Slihte A., Asnina E., Gulbis B. Towards the Refinement of
Topological Class Diagram as a Platform Independent Model// Proceedings of the 3
International Workshop on Model-Driven Architecture and Modeling-Driven Software
Development. - Beijing, China: SciTePress, 2011. - pp. 79-88 [Indexed by Thomson
Reuters, Inspec, El, DBLP]

Slihte A., Osis J., Donins U., Asnina, E., Gulbis, B. Advancements of the Topological
Functioning Model for Model Driven Architecture Approach// Proceedings of the 3™
International Workshop on Model-Driven Architecture and Modeling-Driven Software
Development. - Beijing, China: SciTePress, 2011. - pp. 91-100 [Indexed by Thomson
Reuters, Inspec, El, DBLP]

Asnina E., Gulbis B., Osis J., Alksnis G., Donins U., Slihte A. Backward Requirements
Traceability within the Topology-based Model Driven Software Development//
Proceedings of the 3™ International Workshop on Model-Driven Architecture and
Modeling-Driven Software Development. - Beijing, China: SciTePress, 2011. - pp. 36-45
[Indexed by Thomson Reuters, Inspec, EI, DBLP]

Slihte A., Osis J., Donins U. Knowledge Integration for Domain Modeling// Proceedings
of the 3" International Workshop on Model-Driven Architecture and Modeling-Driven
Software Development. - Beijing, China: SciTePress, 2011. - pp. 46-56 [Indexed by
Thomson Reuters, Inspec, EI, DBLP]

Donins U. Software Development with the Emphasis on Topology// Advances in
Databases and Information Systems (Lecture Notes in Computer Science, Vol.5968). -
Berlin, Germany: Springer-Verlag, 2010. - pp. 220-228 [Indexed by Springer, SCOPUS,
DBLP]

Osis J., Donins U. Platform Independent model Development by Means of Topological
Class Diagrams// Proceedings of the 2" International Workshop on Model-Driven
Architecture and Modeling Theory-Driven Development - Portugal: SciTePress, 2010. -
pp. 13-22 [Indexed by SCOPUS, Thomson Reuters, Inspec, DBLP]

Osis J., Donins U. Formalization of the UML Class Diagrams// Evaluation of Novel
Approaches to Software Engineering (Communications in Computer and Information
Science (CCIS), Volume 69). - Berlin, Germany: Springer-Verlag, 2010. - pp. 180-192
[Indexed by Springer, SCOPUS]

Osis J, Donins U. Modeling Formalization of MDA Software Development at the Very
Beginning of Life Cycle// Advances in Databases and Information Systems. 13" East-

European Conference, ADBIS 2009: Associated Workshops and Doctoral Consortium,
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Local Proceedings. - Riga, Latvia: JUMI Publishing House Ltd., 2009. - pp. 48-61 [ISBN
978-9984-30-163-1]

12. Osis J., Donins U. An Innovative Model Driven Formalization of the Class Diagrams//
Proceedings of the 4™ International Conference on Evaluation of Novel Approaches to
Software Engineering (ENASE 2009). — Portugal: INSTICC Press, 2009. - pp. 134-145
[Indexed by SCOPUS, Thomson Reuters, Inspec, DBLP]

13. Donins U., Osis J. Reconciling Software Requirements and Architectures within MDA//
Scientific Proceedings of Riga Technical University, Computer Science (Series 5),
Applied Computer Systems (Vol. 38). - Riga, Latvia: RTU Publishing house, 2009. - pp.
84-95 [Indexed by DBLP]

In addition to the scientific papers, a monograph has been published:

1. Donins U. Topological Business Systems Modeling and Software Systems Design. - Riga,

Latvia: RTU Publishing house, 2011. - 65 p. (in Latvian) [ISBN: 978-9934-10-136-6]

Thesis Outline

The thesis consists of introduction, 5 chapters, conclusions, 14 appendices, and
bibliography. The doctoral thesis contains 224 pages, 71 figure and 32 tables. Bibliography
includes 134 information sources.

Introduction gives motivation of the thesis, research goal, tasks defined to reach the
goal, novelty and practical value of the research together with the approbation and the main
results achieved as well.

Chapter 1 represents the research on UML, including the review of its evolution (by
paying most attention on the diagrams included in versions 1.x and 2.x as well as on the
formalism development used to specify the language). The research on UML shows the
benefits and limitations of applying it within software development lifecycle, and identifies
UML extension mechanisms and scenarios. As a result UML improvement options are
outlined. One of the improvement options is to strengthen UML specification by using
topology which is based on formalism of TFM.

Chapter 2 analyzes methods and approaches that support and promote the use of UML
within software development process. The analysis of UML modeling driven approaches
consists of review of eight mutually unrelated methods. The result of analysis shows the UML
diagrams applied, the order in which the diagrams of different types are created, and the

activities that are performed to model problem domain in order to develop solution model.
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Additional emphasis is paid on the formal relation of problem domain with the solution
domain.

The UML extension mechanism — profiles — is covered in Chapter 3 as well as the
development of the TopUML profile. Since the UML is a notation and as such does not
include any guidelines of developing and specifying UML profiles, an additional analysis is
made of currently existing UML profiles in order to develop the best practice (i.e., template)
of profile specification. The application of identified best practice allows better understanding
and reading the specification of created profile. TopUML profile is a combination of UML
and formalism of TFM and is based on the principles of metamodeling; it extends the UML
version 2.4.1 by adding TFM to UML and topological functioning characteristics into UML
diagrams.

Since the TopUML specification is developed in accordance with the introduced
template of UML profiles and as a profile specifies only the language, Chapter 4 presents the
TopUML modeling — a method intended for systematical application of TopUML within
software development analysis and design phase. TopUML modeling is defined as a set of
activities. Each activity defines the input (e.g., requirements) and the output artifacts (e.g.,
TFM) thus allowing the software developers to apply all of the activities as specified by
TopUML modeling or by applying subset of the modeling activities. The application of these
activities can vary from project to project. Additionally Chapter 4 compares TopUML
modeling with the UML modeling driven approaches covered in Chapter 2.

In Chapter 5 application and approbation of TopUML language and modeling method
in the context of experimental software development and case study is explored and
described. Experimental software development includes empirical evaluation of TopUML and
its modeling. The empirical evaluation is based on practical experiment with two expert
groups in which a business support application for the Laundry problem domain is designed.
Case study is a step-by-step exploration of TopUML application in real software development
project.

The Conclusions summarizes the results of this research, gives conclusions and
possible future research directions.

Thesis contains fourteen appendices:

1. Used Abbreviations,

2. TopUML Specification,

3. Mappings Between TopUML Diagrams,

4. Informal Description of Laundry Functioning,
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Functional Requirements and System Goals of the Laundry Software System,
Functional Features of Laundry Functioning,
Closuring of Laundry Functioning Topological Space,

Sequence Diagrams Representing Behavior of Laundry,

© © N o O

Laundry System Topological Class Diagram,

10. Lattelecom Technology Ltd. Acknowledgement of Software Development by
using TopUML Modeling Method,

11. Specification of Enterprise Data Synchronization System,

12. Functional Features of Enterprise Data Synchronization System,

13. Self-Evaluation Questionnaire, and

14. OMG-Certified UML Professional Certificate.
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1. UNIFIED MODELING LANGUAGE - A STANDARD FOR
SOFTWARE DESIGN SPECIFICATION

Unified Modeling Language (UML) is a graphical language officially defined by
OMG for visualizing, specifying, constructing, and documenting the artifacts® of a software-
intensive system [115]. It offers a standard way to write a system’s blueprints, including
conceptual things such as business processes and system functions as well as concrete things
such as programming language statements, database schemas, and reusable software
components [41]. Despite that UML is designed for specifying, visualizing, constructing, and
documenting software intensive systems, it is not restricted only for software modeling. UML
has been used for modeling hardware, and is commonly used for business process modeling,
systems engineering modeling and representing organizational structure, among many other
domains [133].

During the two major and a number of revision versions of UML, the definition of
UML is evolving. UML version 2.4.1 specification ([88] and [89]) defines the language as
follows: “UML is a visual language for specifying, constructing, and documenting the
artifacts of systems. It is a general-purpose modeling language that can be used with all
major object and component methods, and that can be applied to all application domains
(e.g., health, finance, telecom, aerospace) and implementation platforms (e.g., J2EE, .NET).”

The UML is developed in middle of 1990s as a combination of previously competing
object-oriented analysis and design approaches: Booch method (by Booch; [13]), Object-
Modeling Technique (OMT; by Rumbaugh, Blaha, Premerlani, Eddy, and Lorensen; [114]),
and Object-Oriented Software Engineering (OOSE; by Jacobson, Christerson, Jonsson, and
Overgaard; [54]), along with other contributions to modeling complex systems (e.g.,
statecharts by Harel [51]). The first version of UML (version 1.1) was approved by OMG in
year 1997 [83]; afterwards UML has been revised with several releases (UML 1.3, 1.5, 2.0,
2.1.1, 2.1.2, 2.2, 2.3, and 2.4.1 [91]) by fixing some problems and adding new notational
capabilities. The latest standard released by OMG is UML version 2.4.1 (UML version 2.0 is
a major rewrite of UML 1.x% and was released in 2005).

UML became widely accepted as the standard for object-oriented analysis and design

soon after it was first introduced [60] and still remains so today [24][111]. Since the release of

! An artifact in software development is an item created or collected during the development process. Example
of artifacts includes use cases, requirements, design, code, executable files, etc.
2 «x” denotes the main version and any subversion of specification.
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first UML version a large number of practitioner and research articles and dozens of

textbooks have been devoted to articulating various aspects of the UML, including guidelines

for using it. Some of the research areas on UML are as follows:

Formalization of UML semantics (e.g., [34], [52] (both after UML 1.1 was
released), and [129] (after UML 2.0 was released)),

Extending the UML (e.g., [76], [105], and review of a number of UML profiles
developed by different researchers and groups [111]),

Formalizing the way the UML diagrams are developed (e.g., [100] and [102]),
Ontological analysis of UML modeling constructs (e.g., [133]),

Empirical assessments (e.g., [24] and [35]),

Analysis of the UML’s complexity (e.g., [33], [120], and [121]),

Difficulties of learning UML (e.g., [122]) and how to avoid them (e.g., [11]),
Transformations between UML diagrams (e.g., [67], [63], and [77]),

Software code generation and related issues with generated code quality (e.g., [65]
and [117]), and

Experiments that evaluate aspects of UML models effectiveness (e.g., [17]).

A list of recent UML research areas can be found also in [10]. The large number of

researches regarding UML evolving and strengthening is caused by the basis on which UML

was developed. According to Dobing and Parsons [24] the “UML was not developed based on

any theoretical principles regarding the constructs required for an effective and usable

modeling language for analysis and design; instead, it arose from (sometimes conflicting)

“best practices” (e.g., Booch, OMT, OOSE) in parts of the software engineering community”.

The review of elements that build up UML within this chapter is based on UML

version 2.4.1 specification which is divided into two volumes (both volumes cross-reference

each other and the specifications are fully integrated):

Infrastructure ([88]) —defines a metalanguage core that can be reused to define a
variety of metamodels, including UML, Meta-Object Facility (MOF; [85]), and
Common Warehouse Metamodel (CWM; [82]); and the core metamodel on which
the Superstructure is based. The Infrastructure of the UML is defined by the
InfrastructureLibrary package which consists of two subpackages:

o Core — contains core concepts which are used when metamodeling, and

o Profiles — defines the mechanisms that are used to customize metamodels.
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e Superstructure ([89]) — defines the notation and semantics for diagrams and their
elements. The Superstructure metamodel is specified by the UML package, which
is divided into a number of subpackages that deal with structural and behavioral
modeling.

1.1. UML Diagrams

A system can be specified from different views by drawing different UML diagrams.
In context of software development, there are five complementary views that are important in
visualizing, specifying, constructing, and documenting software architecture [115]: the use
case view, the design view, the interaction view, the implementation view, and the
deployment view. Each of these views involves structural modeling (static aspect of a system)
as well as behavioral modeling (dynamic aspect of a system). As specified in [15] “a diagram
is the graphical presentation of a set of elements, most often rendered as a connected graph
of vertices (things) and arcs (relationships). A diagram is a projection into a system”.

UML 2.4.1 diagrams ﬁ Diagram
Structure Behavior
Diagram Diagram
A JA
\ \ \
Composite Activit i
L . y Use Case State Machine
Class Diagram Structure Diagram Diagram Diagram
Diagram
| | Component Deployment Interaction
Diagram Diagram Diagram
| Object Package Interaction
Diagram Diagram Se_quence Overview
Diagram Diagram
L Profile Communication Timing
Diagram Diagram Diagram

Figure 1.1. Diagram types included in UML version 2.4.1 [89]
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The first UML specification (version 1.1) [83] contained nine diagram types: Class
diagram, Component diagram, Object diagram, Deployment diagram, Activity diagram, Use
Case diagram, Statechart diagram, Sequence diagram, and Collaboration diagram, while the
newest UML specification (version 2.4.1) [89] released by OMG in year 2011 contains
fourteen diagram types (see Figure 1.1): Class diagram, Component diagram, Object diagram,
Composite Structure diagram, Deployment diagram, Package diagram, Profile diagram,
Activity diagram, Use Case diagram, State Machine (or Statechart, or State) diagram,
Sequence diagram, Communication diagram, Interaction Overview diagram, and Timing
diagram.

All of UML diagrams are briefly described in following subsections: Section 1.1.1
describes structure diagrams, Section 1.1.2 — behavior diagrams, and Section 1.1.2.1 —

interaction diagrams.

1.1.1. Structure Diagrams

The UML’s structural diagrams are aimed to visualize, specify, construct, and
document the static aspects of a system [15]. All structure diagrams are listed in Table 1.1

which shows their name, description, main elements, and UML version in which the diagram

is included.
Table 1.1
UML structure diagrams
No. Name Description Elements Version
1. | Class Class diagram is the most common diagram found in | e Class 1.1-...
diagram object-oriented systems and it is used to illustrate the | ¢ Interface
static design view of a system. It shows a set of classes, | «  Relationship®
interfaces, and collaborations and their relationships. | ¢  Enumerator
Class diagram that include active classes is used to
address the static process view of a system. Class
diagrams are also the foundation for a couple of related
diagrams: component and deployment diagrams. [15]
2. | Component | A component diagram shows the internal parts, | ¢ Interface 1.1-...
diagram connectors, and ports that implement a component. When | ¢ Component
the component is instantiated, copies of its internal parts | ¢  Port

® Denotes all relationships defined in UML specification (e.g., Association, Generalization, Dependency, etc.).
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No. Name Description Elements Version
are also instantiated. [15] Internal
The UML Component Diagram shows how a software structure
system will be composed of a set of deployable Part
components — assembly DLLs, executable files, or web Connector
services — that interact through well-defined interfaces and
which have their internal details hidden. [69]
3. | Composite A composite structure diagram shows the internal Interface 20—...
structure structure of a class or collaboration. The difference Component
diagram between components and composite structure is small. Port
[15] Connector
4. | Deployment | A deployment diagram shows a set of nodes and their Node 1.1-..
diagram relationships. It is used to illustrate the static deployment Relationship
view of architecture. Deployment diagram is related to
component diagram in that a node typically encloses one
or more components. A deployment diagram is a diagram
that shows the configuration of runtime processing nodes
and the artifacts that live on them. [15]
5. | Object An object diagram is a snapshot of the objects in a system Object 1.1- ...
diagram at a point in time — it shows one set of objects in relation Link
to one another at one moment in time. It models static Note
design view or static process view of a system from the Constraint
perspective of real or prototype system. Because it shows
instances rather than classes, an object diagram is often
called an instance diagram. [41] [15]
6. | Package The package is general-purpose mechanism for organizing Package 20— ...
diagram modeling elements into groups. Packages are used to Element
arrange modeling elements (e.g., classes, interfaces, Name
components, nodes, diagrams, collaborations, use cases, Import
other packages) into larger chunks that it is possible to relationship
manipulate them as a group. Packages can also be used to Export
present different views of system’s architecture. Well-
designed packages group elements that are semantically
close and that tend to change together. [15]
7. | Profile The profile diagram contains mechanisms that allow Stereotype 22— ...
diagram extending and adapting metaclasses from existing Metaclass
metamodels for different purposes; includes the ability to Extension
tailor the UML metamodel for different platforms or Profile
domains. The profiles mechanism is consistent with the application
MOF. [89] Import
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1.1.2. Behavior Diagrams

UML behavior diagrams are used to visualize, specify, construct, and document the
dynamic aspects of a system (modeling dynamic aspects of a system can be considered as
representing its changing parts) [41]. All behavior diagrams (except interaction diagrams) are
listed in Table 1.2 which shows their name, description, main elements, and UML version, in

which the diagram is included. Interaction diagrams are given in next Subsection (1.1.2.1).

Table 1.2
UML behavior diagrams (without interaction diagrams)
No. Name Description Elements Version
1. | Activity Activity diagram shows the flow from step to step within a Activity 1.1-...
diagram computation. An activity shows set of actions, the Action
sequential or branching flow from action to action, and Edge
values that are produced or consumed by actions. Activity Flow
diagrams are used to illustrate the dynamic view of a Objects
system; they are especially important in modeling the Constraint
functioning of a system. [15]
2. | Use case | Use case diagram shows a set of use cases and actors (a Subject 1.1-...
diagram special kind of class) and their relationships; it organizes Use case
and models the behaviors of system. [15] Actor
Each use case in use case diagram typically is Relationship
supplemented by a full use case specification — a written Subsystem
statement detailing the preconditions (what must be true
before the use case is performed), the sequence of events,
and the post-conditions (what must be true after the use
case has completed). [69]
3. | State State diagram shows a state machine, consisting of states, Effect 1.1-...
diagram transitions, events, and activities; it is behavior that State
(or State | specifies the sequences of states an object goes through Event
machine during its lifetime in response to events, together with its Transition
diagram) responses to those events. State diagram is especially Trigger
important when modeling the behavior of an interface,
class, or collaboration; it emphasizes the event-ordered
behavior of an object, which is useful when modeling
reactive systems. [15]
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1.1.2.1. Interaction Diagrams

An interaction diagram shows an interaction, consisting of a set of objects and their
relationships, including the messages that may be dispatched among them. Interaction
diagram is the collective name that is given to sequence, communication, interaction
overview, and timing diagrams. These diagrams share the same underlying model, although in
practice they emphasize different things. By using interaction diagrams, it is possible to
reason about flow of control within an operation, a class, a component, a use case, or the
system as whole in two ways: 1) focusing on how messages are dispatched across time, and 2)
focusing on the structural relationships among the objects in an interaction and then consider
how messages are passed within the context of that structure [15]. Interaction diagrams are
listed below in Table 1.3 which shows diagram name, description, main elements, and UML

version in which the diagram is included.

Table 1.3
UML interaction diagrams
No. Name Description Elements Version
1. | Sequence A sequence diagram is an interaction diagram that | ¢  Object 11-...
diagram emphasizes the time ordering of messages; it shows a set | ¢  Role
of roles and messages sent and received by instances | ¢  Lifeline
playing these roles. Sequence diagram has two features | ¢  Time
that distinguish them from communication diagrams: | 4  control
presence of lifetime and focus of control. [15][69] operator
2. | Collabo- A collaboration diagram represents a Collaboration (a set | e  Object 1.1-15
ration of objects related in a particular context), and an | e Message
diagram Interaction (a set of messages exchanged among the | ¢ Link
objects within a collaboration to effect a desired operation
or result). [83]
3. | Communi- Communication diagram accents structural organization of | ¢  Object/Role | 2.0 — ...
cation objects that send and receive messages; it shows a set of | ¢  Message
diagram roles, connectors among roles, and messages sent and | ¢ Link
received by the instances playing these roles.
Communication diagram have two features that distinguish
them from sequence diagrams: path and sequence number
of messages. Sequence number indicates the time order of
message). A communication diagram is a simplified
version of the UML version 1.x collaboration diagram.
[15] [89]
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No. Name Description Elements Version

4. | Interaction Interaction overview diagram define interactions througha | ¢  Frame 20-...
overview variant of activity diagram in a way that promotes | ¢ Interaction
diagram overview of the control flow. The lifelines and the | ¢ Interaction
messages do not appear at this overview level. Interaction use

overview diagrams are specialization of activity diagrams

that represent interactions. [89]

5. | Timing Timing diagram is used to show interactions when a | ¢ Frame 20— ...
diagram primary purpose of the diagram is to reason about time; it | ¢  Message
focuses on conditions changing within and among lifelines | ¢  Timeline

along a linear time axis. [89] e Lifeline

1.2. Formalism of UML

The UML specification is defined by using a metamodeling approach which adapts
formal specification techniques. A metamodel is used to specify the model that comprises
UML. In spite of using metamodeling approach, the UML specification method lacks some
properties of formal specification methods. The specification of UML cannot be considered as
formal specification because of natural language (English) use in it. UML specification [88]
underlines that the specification as a metamodel does not eliminate the option of specifying it
later by using formal/mathematical language (e.g., Z [126], PVS [110], RAISE [80]). Section
1.2.1 takes closer look at the formalism of UML version 1.x specification and section 1.2.2
takes closer look at the formalism of UML version 2.x (as the UML version 2.x is major

revision of UML version 1.x).

1.2.1. Formalism of UML Version 1.x

The specification of UML version 1.5 ([84]) contains language syntax and its static
and dynamic semantics. The specification uses a combination of languages - a subset of
UML, an object constraint language, and precise natural language to describe the abstract
syntax and semantics of the full UML. Thus the UML version 1.x specification uses a formal
technique for preciseness improving but at the same time keeping readability of it. Despite
that the language structure is described in precise specification that is necessary for tool
interaction it is needed to note that the existing description is not a completely formal

specification (due to the use of natural language). As stated in [84], a common technique for
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specification of languages is to first define the syntax of the language and then to describe its

static and dynamic semantics. The syntax defines what constructs exist in the language and

how the constructs are built up in terms of other constructs. Static semantics of a language

define how an instance of a construct should be connected to other instances to be meaningful

while dynamic semantics define the meaning of a well formed construct. These semantics are

described using natural language (English).

Summarizing up the UML version 1.x specification, the metamodel of UML is

described in a semi-formal way using three views [84]:

Abstract syntax —presented in a form of UML class diagram. The UML metamodel
is defined with the set of interrelated packages. Abstract syntax shows the
metaclasses defining the constructs and their relationships and also presents some
of the well-formedness rules (mainly the multiplicity requirements of the
relationships), and whether or not the instances of a particular sub-construct must
be ordered. A short informal description in natural language describing each
construct is supplied. The first paragraph of each of these descriptions is a general
presentation of the construct that sets the context, while the following paragraphs
give the informal definition of the metaclass specifying the construct in UML.
Each metaclass has its attributes enumerated together with a short explanation.
Besides that, the opposite role names of associations connected to the metaclass is
also listed in the same way.

Well-formedness Rules — the static semantics of UML metaclasses (except for
multiplicity and ordering constraints) are defined as a set of invariants of an
instance of the metaclass. These invariants have to be satisfied for the construct to
be meaningful. The rules thus specify constraints over attributes and associations
defined in the metamodel. Each invariant is defined by an expression written using
Object Constraint Language (OCL,; [132]) together with an informal explanation in
English of the expression.

Semantics — defines meanings of the constructs using natural language (English).
The constructs are grouped into logical chunks that are defined together. Since
only concrete metaclasses have a true meaning in the language, only these are

described in this section.

In summary, the UML metamodel is described in a combination of graphic notation,

(precise) natural language, and formal language. The use of natural language for specifying

language constructs makes its specification semiformal. This semiformal specification of
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UML can cause incorrectness and inaccuracy of system models defined with UML (due that
statements in natural language can be interpreted with different meanings among different

persons (in spite of trying to use it as precise as possible)).

1.2.2. Formalism of UML Version 2.x

At the time of writing thesis the current version of UML is 2.4.1 and the formalism of
this version is discussed in this section with regard to infrastructure [88] and superstructure
[89] specification. The main goal of major revision of UML within version 2.0 is to increase
the precision and correctness of the specification. The set of UML modeling concepts is
partitioned into horizontal layers of increasing capability called compliance levels. For ease of
model interchange, there are only two compliance levels defined for infrastructure
specification [88]:

e Level 0 (LO) — contains a single language unit that provides capabilities for
modeling class-based structures encountered in object-oriented programming
languages, and it provides an entry-level modeling capability, and

e Metamodel Constructs (LM) — adds an extra language unit for more advanced
class-based structures used for building metamodels.

Superstructure specification adds three more compliance levels [89]:

e Level 1 (L1) —adds new language units and extends the capabilities provided by
Level 0. Specifically, it adds language units for use cases, interactions, structures,
actions, and activities.

e Level 2 (L2) — extends the language units already provided in Level land adds
language units for deployment, state machine modeling, and profiles.

o Level 3 (L3) — represents the complete UML. It extends the language units
provided by Level 2 and adds new language units for modeling information flows,
templates, and model packaging.

All compliance levels are defined as extensions to a single core «UML» package that
defines the common namespace shared by all the compliance levels. Level 0 is defined by the
top-level metamodel. The UML version 2.x specification is defined by using a metamodeling
approach that adapts formal specification techniques. According to [88], the following are the
goals of the specification techniques used to define UML 2.x:

e Correctness — improves the correctness of the metamodel by helping to validate it.
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e Precision — increases the precision of both the syntax and semantics. The precision
should be sufficient so that there is nor syntactic nor semantic ambiguity for either
implementers or users.

e Conciseness — the specification techniques should be parsimonious, so that the
precise syntax and semantics are defined without superfluous detail.

e Consistency — the metamodeling approach should be complemented by adding
essential detail in a consistent way.

e Understandability — while increasing the precision and conciseness, the readability
of the specification should also be improved. For this reason a less than strict
formalism is applied, since a strict formalism would require formal techniques.

The specification technique used in UML version 2.x describes the metamodel in the
same way as the version 1.x does, i.e., it uses metamodeling approach and three views
(abstract syntax, well-formedness rules, and semantics). Main language constructs are related
to metaclasses in the metamodel. Other constructs, i.e., being variants of other ones, are
defined as stereotypes of metaclasses in the metamodel. This mechanism allows the semantics
of the variant constructs to be significantly different from the base metaclass. Another way of
defining variants is the use of metaatributes.

The UML 2.x metamodel contains infrastructure library package which defines a
reusable metalanguage kernel and a metamodel extension mechanism for UML. The
metalanguage kernel can be used to specify a variety of metamodels, including UML itself,
MOF, and CWM. In addition, the infrastructure library defines a profile extension mechanism
that can be used to customize UML for different platforms and domains without supporting a
complete metamodeling capability. The UML profile extension mechanism reduces notation
size and efforts for specific task solution and allows creating additional constructs along with
the benefit of profile reuse in ordinary UML modeling tools. The architectural alignment
among UML, MOF and metadata interchange (XMI) tries to solve the problem of UML
model interchange between tools by using the rules of XMI specification.

In spite of trying to use natural language in more precise way, the specification of
UML cannot be considered as formal specification because of natural language use — the
problem considered in previous subsection still exists. The UML specification still underlines
that the specification as a metamodel does not eliminate the option of specifying it later by

using formal or mathematical language. However the first steps of formalizing UML
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constructs is taken — starting from UML version 2.0 the activity diagram is formally based on
Petri nets [89].

1.2.3. The Need of Additional UML Formalization

Since the release of the first UML specification researchers are working and proposing
approaches to improve formalization of UML. Researches on UML formalization are
performed because the meaning of the language, which is mainly described in English, is too
informal and unstructured to provide a foundation for developing formal analysis and
development techniques, and because of the scope of the model, which is both complex and
large [103]. Despite the fact that the latest UML specification is based on the metamodeling
approach, the UML metamodel gives information about abstract syntax of UML but does not
deal with semantics in formal way (as discussed previous, the semantics is expressed using
natural language). Thus it is hard to determine how a given change in a model influences its
meaning and to verify whether a given model transformation preserves the semantics of the
model or not. Since UML is method-independent, its specification tends to set a range of
potential interpretations rather than providing an exact meaning. [34] [129]

According to [34], the formalization of UML specification has following benefits:

e Clarity — the formally stated semantics can act as a point of reference to resolve
disagreements over intended interpretation and to clear up confusion over the
precise meaning of a construct.

e Equivalence and Consistency — a precise semantics provides an unambiguous basis
from which to compare and contrast the UML with other techniques and notations,
and for ensuring consistency between its different components.

e Extendibility — the soundness of extensions to the UML can be verified (as
encouraged by the UML authors).

e Refinement — the correctness of design steps in the UML can be verified and
precisely documented. In particular, a properly developed semantics supports the
development of design transformations, in which a more abstract model is
diagrammatically transformed into an implementation model.

e Proof — justified proofs and rigorous analysis of important properties of a system
described in the UML require precise semantics. Proof and rigorous analysis are
not currently supported by UML.
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e Tools — the tools that make use of semantics, for example a code generator or
consistency checker, require that semantics to be precise, whether it be expressed
as part of the standard or invented in the code by the tool developer.

The current UML semantics are not sufficiently formal to realize all of the above
listed benefits. Despite that researches on UML formalization have been made before the
release of UML version 2.0, the UML version 2.x specification is not written as a formal
specification of language. Therefore there are a number of ongoing UML formalization
researches trying to formalize it from different aspects.

1.2.4. Current UML Formalization Attempts

After OMG accepted UML version 1.1 as a standard, a precise UML (pUML) group
was found with main goal to bring together international researchers and practitioners who
share the aim of developing the UML as a precise modeling language [34]. The aim of pUML
group is to work firmly in the context of the existing UML semantics. As a formalization
instrument they use several formal notations (e.g., OCL [132] or the formal language Z
[126]). The pUML group is an example of researches focusing on formalization of UML
semantics. Some of the formalization researches are restricted to the semantics of models,
while the others are concerned with the issues of reasoning about models and model
transformations. Currently there exist a number of approaches for specifying and formalizing
semantics of UML.:
e Specifying semantics by formal languages (e.g., using language Z [34] or Object-Z
[58]),

e Using category theory — captures relationships between specification objects (e.g.,
[1] and [20]),

e Using stream theory — as streams is an adequate setting for the formalization of the
semantics of concurrent systems (e.g., [16]),

e Using n-calculus or process algebra (e.g., [134]), and

e Using algebraic approaches (e.g., using mathematical notation [129])

As indicated by Evermann in [36], the researches on UML semantics formalization
relate to the internal consistency of the UML, not to its relationship to problem domains. To
address the relation of UML elements to problem domains, the researches are ongoing on
formalizing the way the software is developed by using UML diagrams (e.g., the problem
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domain formalization approach [101], or the software development with the emphasis on

topology in constructed models [26]) and describing UML constructs by using ontology, thus

relating them with problem domains (e.g., [36] and [133]).

By summarizing up the attempts to formalize UML, the following formalization

directions emerge:

Formalizing the semantics of UML,
Formalizing the way the UML is used, and

Relating UML constructs to problem domains.

1.3. Benefits of Applying UML

The use of UML for systems’ modeling has following benefits ([3], [24], [39], [89],

and [92]):

The UML is a modeling language and not a method, methodology, or technique,
thus making it independent of particular methods and programming languages.
The UML specification defines a number of diagrams and the meaning of those
diagrams. A method goes further and describes the steps required to develop the
software, which diagrams are developed in what order, and who is responsible for
completing certain tasks.

The UML is platform independent modeling language — it can be used to design
software for implementation in any programming language.

It is a modeling language created from a set of widely accepted object-oriented
software design methods, thus ending the endless choose between concurrent
notations.

UML is a set of standardized object-oriented models, thus making communication
between stakeholders more efficient and meaningful, i.e., if stakeholders are
familiar with UML then the created models of system can be more easily
communicated between different development teams, customers, and stakeholders.
Starting with UML version 2.0 it contains extension mechanisms. If the set of
models provided by UML are not enough for required solution, it is possible to
extend UML in a number of allowed ways.

The UML can be used for both large and complex systems modeling, as well as for

small projects.
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e As UML is defined in accordance with XMI, the models can be transferred
between different tools from different tool vendors. Thus making users of UML
less dependent on particular modeling tools.

Despite all above mentioned benefits that the application of UML within software

development has, it has also a number of disadvantages which are discussed in the next

subsection.

1.4. Disadvantages of Applying UML

The specification of UML and the UML itself is not developed basing on any
theoretical principles regarding the constructs required for an effective and usable modeling
language for analysis and design. UML arose from “best practices” in parts of the software
engineering community; in fact these “best practices” at some points are even conflicting
[24]. Basically this means that the UML goes without mathematics [93] (except Activity
diagrams, which are now (starting from UML version 2.0) based on the formalism and
mathematics of Petri nets [89]). UML specification is described using the combination of
languages — metamodeling, OCL, and the natural language. This has resulted in a language
that contains many modeling constructs, which has thus been criticized on the grounds that it
is excessively complex and large. At the same time, the UML has also been criticized for
lacking the flexibility to handle certain modeling requirements in specific domains. As a
result of this criticism, UML has evolved — starting from UML version 2.0 it allows the
development of profiles. [24]

Main disadvantages of UML are as follows ([24], [26], [57] and [105]):

e Size — UML is a collection of notations that encompasses a wide range of
notations. In addition, the provided extension mechanisms of UML allow modelers
to add their own, often ad-hoc, extensions to the language. In short — UML is large
and growing.

e Incoherence — UML has brought together a number of notations from different
fields. For example, it is not clear how state diagram relate to class diagram and
sequence diagram.

o Different interpretations — since the semantics of UML constructs are defined by

using natural language, they are interpreted differently by different modelers.
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e Frequent subsetting — organizations tend to define their own UML subset —
guidelines on which parts to use; which not to use; own definitions of semantics
where the standard is unclear, inconsistent or untenable for the organization
concerned.

e Lack of causality — despite the fact that UML contains a set of 14 diagrams, none
of the existing diagram allows to clearly trace cause-and-effect relationships
between both problem and solution domains. This can be related to the fact, that
only Use Case diagram deals with the requirements and computation independent
viewpoint modeling.

In regards to the above listed disadvantages of UML, in [123] is presented a list of
problems associated with using UML in software development; causes of these problems are
various: ambiguous semantics, cognitive misdirection during the development process,
inadequate capture of properties of system under consideration, lack of appropriate supporting
tools and developer inexperience. By analyzing these problems in detail, part of the
researchers claim that some of these problems can be addressed by formalizing UML
semantics ([129]), and the most helpful sequencing of modeling techniques ([29]). Others
claim that a revision of the UML and its supporting tools is required ([34]). Furthermore, it is
assumed that largest part of these problems can be addressed to the ambiguous transition

between analysis and design models ([105]).

1.5. UML Improvement Options

According to the UML version 2.4.1 specification ([88] and [89]) and recent
researches (e.g., [100], [24], [36], [123], [129], and [133]) in the field of strengthening UML,
its use and analysis, the following UML improvement options arise:

e Extending UML by using UML’s extensibility mechanisms,

e Formalizing the semantics of UML,

e Formalizing the way the UML is used, and

e Relating UML constructs to problem domains.

The UML can be strengthened by using the mathematical topology. The use of
topology reflects extending the UML to support topology in its diagrams, and formalizing the
way the UML is applied during software development process. Since this work is dedicated to
extend UML by its extensibility mechanisms and formalizing the software development
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process, the following two subsections discusses UML extensibility mechanisms and UML
improvement by using mathematical topology.

1.5.1. UML Extensibility Mechanisms

The UML version 2.4.1 extensibility mechanisms permit to extend the language in
controlled ways; these mechanisms include stereotypes, tagged values, constraints, and
profiles. If the enumerated four extension mechanisms does not solve the problem why the
language should be extended, then UML metamodel can be extended using MOF. By
extending UML using MOF there are no restrictions on what are allowed to do with a UML
metamodel. [15] [88]

Stereotypes. A stereotype defines how an existing metaclass may be extended, and
enables the use of platform or domain specific terminology or notation in place of, or in
addition to, the ones used for the extended metaclass. In other words - a stereotype extends
the vocabulary of the UML, allowing to create new kinds of building blocks that are derived
from existing ones but that are specific to problem under consideration.

Stereotype can be considered as a type that defines other types, because each one
creates equivalent of a new class in the UML metamodel. When an element is stereotyped
(such as node or a class), the UML gets extended by creating a new building block just like
the existing one but with its own special modeling properties (each stereotype may provide its
own set of tagged values), semantics (each stereotype may provide its own constraints), and
notation (each stereotype may provide its own icon). The stereotype «stereotype» specifies
that the classifier is a stereotype that may be applied to other elements. [15] [88]

Tagged values. A tagged value extends the properties of a UML stereotype, thus
allowing creation of new information in element’s specification. By using stereotypes it is
possible to add new things to the UML,; by using tagged values it is possible to add new
properties to a stereotype. Tags that apply to individual stereotypes are defined so that
everything with that stereotype has tagged value. A tagged value is not the same as class
attribute. Rather, a tagged value can be considered as metadata because its value applies to the
element specification, not to its instances. [15]

Constraints. A constraint extends the semantics of a UML construct, thus allowing to
add new rules or to modify existing ones. Each constraint consists of a textual description in

natural language and may be followed by a formal constraint expressed in OCL. If it is not
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possible to express the constraint in OCL, then in such case the formal expression can be
omitted. [15] [89]

Profiles. The Profile mechanism has been specially defined for providing a
lightweight extension mechanism to the UML specification. In UML version 1.1, stereotypes
and tagged values were used as string-based extensions that could be attached to UML model
elements in a flexible way. In subsequent revisions of UML, the notion of a Profile was
defined in order to provide more structure and precision to the definition of stereotypes and
tagged values. Since the UML version 2.0 specification this has been carried further, by
defining UML extension as a specific meta-modeling technique. Stereotypes are specific
metaclasses, tagged values are standard metaattributes, and profiles are specific kinds of
packages. A profile defines a specialized version of UML for particular area or solution.
Because it is built on standard UML elements, it does not present a new language, and it can
be supported by ordinary UML tools. [15] [88] [89]

According to UML version 2.4.1 specification [89], the profiles mechanism is not a
first-class extension mechanism (i.e., it does not allow for modifying existing metamodels).
Rather, the intention of profiles is to give a straightforward mechanism for adapting an
existing metamodel with constructs that are specific to a particular domain, platform, or
method. Each such adaptation is grouped in a profile. It is not possible to take away any of the
constraints that apply to a metamodel such as UML using a profile, but it is possible to add
new constraints that are specific to the profile.

UML metamodel extension. First-class extensibility is handled by using MOF, where
there are no restrictions on what are allowed to do with a UML metamodel (i.e., it is possible
to add and remove metaclasses, constraints, and relationships as necessary). [88]

“There is no simple answer for when you should create a new metamodel and when

you instead should create a new profile” [89].

1.5.2. Improving UML by using Topology

UML improvement by using mathematical topology is based on topology and
formalism of Topological Functioning Model (TFM), which is developed at Riga Technical
University by Osis [99]. The TFM holistically represents a complete functionality of the
system from the computation independent viewpoint. It considers problem domain

information separate from the solution domain information. The TFM is an expressive and
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powerful instrument for a clear presentation and formal analysis of system functioning and the
environment the system works within. [101]

A TFM has topological characteristics: connectedness, closure, neighborhood, and
continuous mapping. Despite that any graph is included into combinatorial topology, not
every graph is a TFM. A directed graph becomes the TFM only when substantiation of
functioning is added to the above mathematical substantiation. The latter is represented by
functional characteristics: cause-effect relations, cycle structure, inputs and outputs. [100]

It is acknowledged that every business and technical system is a subsystem of the
environment. Besides that a common thing for all system (technical, business, or biological)
functioning should be the main feedback, visualization of which is an oriented cycle.
Therefore, it is stated that at least one directed closed loop must be present in every
topological model of system functioning. It shows the “main” functionality that has a vital
importance in the system’s life. Usually it is even an expanded hierarchy of cycles. Therefore,
a proper cycle analysis is necessary in the TFM construction, because it enables careful
analysis of system’s operation and communication with the environment. [94]

The UML can be improved by supplementing it with the topological and functioning
characteristics of TFM. To allow using topology in UML diagrams, it needs to be extended by
using extensibility mechanisms covered in previous subsection. In such case a new kind of
UML is created — Topological Unified Modeling Language (or TopUML). The idea of
TopUML is adapted from [93]. The core framework proposal for TopUML profile is
presented in [105]. The first research results in [102] shows that the transfer of topological
and functioning characteristics from TFM to UML is sufficient for clearly tracing cause-and-
effect relationships in both — problem and solution — domains.

1.6. Summary

UML is a visual language for specifying, constructing, and documenting the artifacts
of systems. It is a general-purpose modeling language that can be used with all major object
and component methods, and that can be applied to all application domains and
implementation platforms.

The UML version 1.x (the first version — 1.1 — is released in 1997) contains nine
diagram types. UML version 2.0 (released in 2005) is a major rewrite of UML version 1.x
with the main goal to increase the precision and correctness of the specification. The version

2.0 contains thirteen diagram types, and the version 2.2 adds additional one diagram type —
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Profile diagram (now in total UML has fourteen diagram types). At the moment of writing
this work the newest version is 2.4.1 and it is released in 2011.

The specification of UML version 2.x is divided into two volumes: Infrastructure
(core metamodel); and Superstructure (notation and semantics for diagrams and their model
elements). Actually, the Superstructure specification is based on Infrastructure specification.
The set of modeling concepts of UML is partitioned into horizontal layers of increasing
capability called compliance levels. UML Infrastructure specification defines only two
compliance levels (for ease of model interchange): Level 0 (LO), and Metamodel Constructs
(LM), while the Superstructure specification adds three more compliance levels: L1, L2, and
L3. In fact, the complete UML specification is given in compliance level L3.

While the application of UML within software development has a number of benefits,
it also has some disadvantages. The main benefits are: UML is independent of software
development methods, techniques and platforms; it has an extension mechanism thus allowing
to solve specific modeling tasks; and the models can be transferred between different tools
from different tool vendors since UML is defined in accordance with XMI. The main
disadvantages of UML application is its size, incoherence, different interpretations, frequent
subsetting, and the lack of causality. From these disadvantages rises a set of problems like
ambiguous semantics, cognitive misdirection during the development process, inadequate
capture of properties of system under consideration, lack of appropriate supporting tools and
developer inexperience, and inability to trace cause-and-effect relationships between the
existing artifacts in problem domain and created artifacts in solution domain. By taking a
closer look at benefits and disadvantages, it is visible that some benefits turn into
disadvantages (e.g., independency of software development methods leads to cognitive
misdirection during the development process). To address the listed disadvantages, a bunch of
researches on UML strengthening and formalization are performed and are still ongoing, e.g.,
formalizing the semantics of UML, formalizing the way the UML is used, and relating UML
constructs to problem domains.

UML can be strengthened by using mathematical topology thus addressing the
disadvantage of lacking causality. Next chapter is dedicated to explore currently existing
UML modeling driven software development approaches, thus addressing the disadvantages

of UML’s size, incoherence, different interpretations, and frequent subsetting.
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2. SOFTWARE DESIGNING WITH UML MODELING DRIVEN
APPROACHES

UML is a notation and as such its specification does not contain any guidelines of
software development process (e.g., which diagrams to use in what order). This is pointed out
as a benefit of UML application in software development as well as a disadvantage in Section
1.4. Despite that UML is independent of particular methods and approaches, most of the
UML modeling driven methods uses use case driven approach [24]. This might be caused by
the originators (Booch, Rumbaugh, and Jacobson) of the UML since they recommend a use
case driven process in “The Unified Modeling Language User Guide” ([15]). A majority of
UML modeling driven approaches since then has endorsed this view, and most contain at
least some further prescriptions for applying the UML in modeling (e.g., [64], [112], and
[127]).

Since UML modeling driven approaches are elaborated by different authors, their
prescriptions sometimes differ. As indicated in [24], “while some accept the original view that
only use cases are used to verify requirements with users, others explicitly or implicitly
indicate that other UML diagrams can be used for this purpose, e.g., Activity Diagrams can be
safely shared with customers, even those unfamiliar with software engineering”. There is also
difference in the use of use case narratives across various methods due to the lack of guidance
on narrative format in the UML specification. The UML specification [89] only states that
“use cases are typically specified in various idiosyncratic formats such as natural language,
tables, trees, etc. Therefore, it is not easy to capture its structure accurately or generally by a
formal model.”

A successful software development project can be measured against the deliverables
that satisfy and possibly exceed expectations of customer, the delivery schedule that has
occurred in a timely and economical fashion, and the created result is resilient to change and
adaptation. For software development project to be successful by means of given
measurements, it should satisfy the following two characteristics [14]:

e Solution should have a strong architectural vision, and

e A well-managed development lifecycle should be used.

The Architecture description standard [53] defines architecture as “fundamental
organization of a system embodied in its components, their relationships to each other, and to
the environment, and the principles guiding its design and evolution”. Besides this definition
there exist a large number of architecture definitions. A system that has a good architecture
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has also a conceptual integrity. Good software architectures tend to have several attributes in
common [14]:
e They are constructed in well-defined layers of abstraction,
e They have a clear separation of concerns between the interface and
implementation of each layer, and
e The architecture itself is simple — common behavior is achieved through common
abstractions and common mechanisms.
This section discusses the current state of the art of UML based software development
approaches by reviewing two aspects of each approach — the process of software development

and the artifacts developed. Most attention is paid on the artifacts created by using the UML.

2.1. Current State of the Art

The review of software development methods discusses a number of existing UML
modeling driven software development approaches paying the most emphasis and attention on
the use and application of UML diagrams (i.e., which diagram types for what purpose are
used and in which sequence they should be created). The analysis of UML diagram usage
additionally shows if there are included transformation rules or guidelines between different
diagram types. Each approach is reviewed by using following structure:

e At first a brief description of the approach is given,

e Overview and analysis is done of development steps involved in the approach, and

e Finally analysis of used UML diagrams is given.

Currently exist dozens of UML modeling driven software development approaches,
e.g., software development lifecycles [116], use case driven methods [112], model driven
architecture [59], pattern based development [64], component based development [127], and
conceptual modeling [81]. Overview of the current state of the art of UML based software
development approaches includes approaches that are well known in software development
industry [24], formalizes the development process and problem domain [100], and are used in
the conjunction of software development tools [69]. The overview of UML modeling driven
software development approaches includes thus covering different aspects of software
development and its organization:

e Object-oriented analysis and design with Unified Process,

e Business object-oriented modeling,
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e Object-oriented analysis and design with patterns,

e Conceptual modeling,

e Component based development,

e Topological Functioning Modeling for Model Driven Architecture, and
e UML software design with Microsoft tools.

Above listed approaches are discussed and reviewed in the further subsections.

2.1.1. Object-Oriented Analysis and Design with Unified Process

Obiject-oriented software development is a complete conceptual framework that covers
the entire software development life cycle and it has the following characterization [112]:

e Affects the way in which the requirements are analyzed and modeled,

o Affects the way the software engineer design the system specification, and

e Affects the way the code itself is structured: the software is implemented by using

object-oriented programming languages (e.g., C++ [70], .NET language family
(C#, Visual Basic .NET) [79], Java [19]).

One of the well-managed iterative and incremental development lifecycle is Unified
software development process (Unified process), where each of the iteration includes its own
requirements analysis, design, implementation, and testing activities. Unified process is based
on the enlargement and refinement of a system through multiple iterations, with cyclic
feedback and adaptation. The system is developed incrementally over time, iteration by
iteration, and thus this approach is also known as iterative and incremental software
development. The iterations are spread over four phases: Inception, Elaboration, Construction,
and Transition. Each phase consists of one or more iterations. [4] [116]

A set of predefined activities is accomplished within each iteration. The unified
process describes work activities as disciplines — a discipline is a set of activities and related
artifacts in one subject area (e.g., the activities within requirements analysis). The disciplines
described by unified process are as follows [116]:

e Business modeling — domain object modeling and dynamic modeling of the

business processes,

e Requirements — requirements analysis of system under consideration. Includes

activities like writing use cases and identifying non-functional requirements,

e Analysis and design — covers aspects of design, including the overall architecture,
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¢ Implementation — programming and building the system (except the deployment),
e Test — involves testing activities such as test planning, development of test
scenarios, alpha and beta testing, regression testing, acceptance testing, and
e Deployment — the deployment activities of developed system.
The disciplines and phases of unified process are given in Figure 2.1 where it is shown
that the relative effort across disciplines changes over time from iteration to iteration, e.g.,

initial iterations apply greater relative effort on requirements and design.
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Figure 2.1. Disciplines and phases of unified process [4]

There exist a number of extensions and adaptions of unified process, e.g., Agile

Unified Process (AUP) [2] and Rational Unified Process (RUP) [62].

2.1.1.1. Development Process

The development process within unified process is reviewed in the context of its four
phases and correspondent iterations. These phases are as follows [116]:

1. Inception — establishes a justification or business case for the project, project scope
and boundary conditions; outlines the key use cases and requirements, one or more
candidate architectures; identifies risks, and prepares a preliminary project
schedule and cost estimate.

2. Elaboration — primary goals are to identify and mitigate risks and to establish and
validate the system architecture. Common processes in this phase include the
creation of use case diagrams, domain model (class diagram) and architectural
diagrams (package, component, and deployment diagrams). In the elaboration

phase a partial implementation of the system is made (it includes architecturally
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2.1.1.2. UML Diagrams Used

most significant components). The final elaboration phase artifact is a plan

(including cost and schedule estimates) for the next — Construction — phase.

3. Construction — the largest phase which involves development of system. The

system is built on the foundation created in Elaboration phase. This phase is

divided into smaller iterations where each iteration results in an executable release

of the software.

4. Transition — the final phase in which the system is deployed. Feedback received

from an initial release (or initial releases) may result in further refinements to be

incorporated over the course of several Transition phase iterations.

Since unified process is a software development lifecycle it uses almost every UML

diagram type (see Table 2.1).

Table 2.1
UML diagrams used in Unified Process

No. | Diagram type | Sequence Information for Comments
1. | Use Case 1 Sequence diagram, | Initial use cases are created during inception phase
diagram Class diagram, and later refined in elaboration and construction
State diagram, phases. Use cases help finding conceptual classes

Activity diagram using noun phrase identification.
2. | Sequence 2 Communication Sequence diagrams are developed during
diagram diagram, elaboration and construction phases. They should
Interaction be created for the main success scenario of the use
overview diagram case, and for frequent or complex alternative
scenarios. Sequence diagram is generated from

inspection of use case.
3. | Class diagram 3 Communication Class diagram is developed during elaboration
diagram, phase and refined later in construction phase. It is
State diagram, used to represent domain and a system design
Package diagram, model. Domain model has conceptual classes with
Component no operations; the key idea behind it is a visual
diagram dictionary of abstractions.

4. | State diagram 4 - State diagrams are developed during elabo-ration

and construction phases. The use of state diagrams

is emphasized for showing system events in use

cases, but they may additionally be applied to any
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No. | Diagram type | Sequence Information for Comments

class.

5. | Communicatio 4 Class diagram Communication diagrams are developed during
n diagram elaboration and construction phases. They illustrate

object interactions and help to analyze relations
between classes.

6. | Activity 4 Interaction Activity diagrams are developed during elaboration
diagram overview diagram and construction phases. Used to visualize business

workflows and processes, or use cases.

7. | Interaction 5 Interaction Interaction overview diagrams are developed
overview overview diagram during elaboration and construction phases. Used
diagram to visualize business workflows and processes, or

use cases.

8. | Package 6 Component Package diagram is developed during elaboration
diagram diagram, phase and refined later in construction phase. Each

Deployment package groups a set of cohesive responsibilities.
diagram

9. | Component 7 Deployment Component  diagram is  developed during
diagram diagram elaboration phase and refined later in construction

phase. It represents modular, deployable, and
replaceable parts of a system.

10. | Deployment 8 - Deployment diagram is developed during
diagram elaboration phase and refined later in construction

phase. It shows how instances of components are

deployed on instances of processing nodes.

2.1.2. Business Object-Oriented Modeling

Business Object-Oriented Modeling (B.0.0.M.) developed by Podeswa [112] is an

UML modeling approach intended to relate business analysis documentation to the object-

oriented software development. B.O.O.M. is use case driven analysis approach. A standard

UML use case refers to an interaction with any type of system. While analyzing and

specifying the system following question arises [112]: “What type of system is being referring

to?” Therefore use cases in B.O.O.M. are divided into two logical types: business use cases

and system use cases (this distinction of use case types is not a part of the UML but is an

UML extension). A business use case is an interaction with a business system while the latter

one is an interaction with a software system. A system use case typically involves one active

(primary) user and takes place over a single session on the computer. At the end of the system
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use case, the user should feel that he or she has achieved a useful goal. The main idea of the
B.0.0.M. is to identify and describe business use cases that a planned system will affect, thus
analyzing possible changes in business workflows and human roles. Each business use case is
analyzed, looking for activities that the application will realize, and this information is

specified as system use cases, which further will drive the whole development process. [112]

2.1.2.1. Development Process

The software analysis and design with B.O.O.M. consists of two phases [112]:
initiation phase and analysis phase.

Initiation phase involves creation and analysis of business use cases, initial
identification of system use cases, and drawing a sketch of business objects involved into
system in a form of class diagram. Processes defined by system use cases are identified by
going back to the business use case workflow and selecting activities that can benefit from
full or partial automation. Activity diagrams are used to model the workflow of each business
use case in order to achieve consensus among developers and stakeholders of the business use
cases. By the end of initiation phase developers should have overview of the project, initial
list of system use cases together with knowledge on users involved within each system use
case. System use cases are detailed only at the level to be able to estimate the project (e.g.,
whether the project development will take days, weeks, or months). The initiation phase
includes following steps: modeling business use cases; modeling system use cases; sketching
static model (class diagram including key business classes); and setting baseline for analysis.

Analysis phase includes elicitation of detailed requirements from stakeholders, and
analysis and documentation of elicited requirements for verification by stakeholders and for
use by the developers. To achieve this goal a system use case specifications are created by
storyboarding the interaction between users and the proposed system. In parallel with system
use case specification, a class diagrams describing key business concepts and business rules
that apply to the business objects are developed. For better understanding of business objects
life cycle, state diagrams are developed (state diagrams should be developed for at least every
key business object). The analysis phase includes following steps: dynamic and static

analysis; specifying test plan and implementation plan; and setting baseline for development.

2.1.2.2. UML Diagrams Used

UML diagrams involved into B.O.O.M. application are listed below in Table 2.2.
Since the B.0.0.M. covers the requirements and analysis phase of software development
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lifecycle, it uses diagrams only needed to analyze the business system and additionally a

package diagram to organize developed artifacts.

Table 2.2
UML diagrams applied within B.O.0.M.
No. | Diagram type | Sequence | Information for Comments
1. | Use case 1 Activity diagram, | Two types of use cases: business and system use cases.

diagram

State diagram,
Class diagram,

Package diagram

While the first one describes the functionality from a

business perspective, the latter one describes

functionality by the system perspective. Business use

cases are developed before system use cases.

2. Class diagram 1 Package diagram, | Describes key business concepts and rules that apply
Object diagram to business objects. A sketch of class diagram is made
during initiation phase and later during analysis phase

it is refined to include relationships.

3. Package 2 - Package diagram is used as a container to group and

diagram organize other diagrams.

4, Activity 3 - Activity diagram is used to help developers and

diagram stakeholders form a consensus regarding the workflow
of each business use case.

5} State diagram 4 - The state change of objects in system is specified by
using state diagram thus helping to avoid surmising
objects behavior over time. State diagram should be
created at least for every key business object.

6. Object 5 Class diagram Object diagram is used instead of a class diagram in

diagram situations that involve more than one object of the
same class acting in different roles. It is used while

analyzing associations between classes.

2.1.3. Pattern Based Software Design

A general approach in object design is to identify requirements, create domain model
and add operations to software classes, and define the messaging between the objects to fulfill
the requirements [40]. Deciding what operations belong to which class and how the objects
should interact is important and not a trivial task — it takes careful analysis and explanation.
According to [64] “this is at the heart of what it means to develop an object-oriented system,
not drawing domain model diagrams, package diagrams, and so on.” Operations of a class are

addressed as responsibilities of this class. Responsibilities answer to two questions: “What to
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do?” and “How to do?”; and they are assigned to classes of objects during the object design.
The translation of responsibilities into classes and operations is influenced by the granularity
of the responsibility. A responsibility is not the same concept as an operation, but operations
are implemented to fulfill assigned responsibilities. Responsibilities are implemented using
operations that either act alone or collaborate with other operation and objects. In order to
help assign responsibilities, patterns for object-oriented analysis and design has been created
by a number of researchers and practitioners (for example, [40], [43], [64], and [118]). In
object-oriented analysis and design, a pattern is a named description of a problem and solution
pair that is used to design object-oriented systems and can be applied to new contexts. Pattern
can be considered as guidelines.

Set of nine GRASP patterns (General Responsibility Assignment Software Pattern)
introduced in [64] are designed to address the assignment of responsibilities for objects and
analysis of their interaction. The GRASP patterns are as follows:

e Creator — responsible for creating an object of a class,

e Information expert - leads placing responsibility on the class with the most

information required to fulfill it,

e Controller — assigns responsibility for dealing with systems events (usually the
controller is the first object beyond the user interface layer),

e Low coupling — assigns responsibilities in a way that coupling remains low
(coupling is a measure of how strongly one element is connected to, has
knowledge of, or relies on other elements),

e High cohesion — assigns responsibilities in a way that cohesion remains high
(cohesion is a measure that shows how appropriate the assigned responsibilities of
an element are),

e Polymorphism — defines variation of behaviors based on object’s type (achieved
by using polymorphic operations),

e Pure fabrication — creates a special class that has a highly cohesive set of
responsibilities and that do not exist in the problem domain (i.e., an artificial
class),

¢ Indirection — assign responsibility to an intermediate object to mediate between

other components or services so that they are not directly coupled, and
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e Protected variations — classes with predicted variation or instability are identified

and responsibilities to these classes are assigned in a way to create a stable

interface around them.

Since patterns can be used in the context of any software development lifecycle and

the application of patterns and the order of pattern application are directly influenced by the

used lifecycle, the subsection “Development process” is not included for pattern based design.

2.1.3.1. UML Diagrams Used

This section discusses UML diagrams addressed by GRASP design patterns. The

UML diagrams used by GRASP design patterns are given in Table 2.3.

Table 2.3
UML diagrams used by GRASP design patterns
No. | Diagram type Information for Comments
1. | Use case | Sequence diagram, Use cases are used as a identifications source of controller
diagram Communication diagram, | classes. Controller concept is described by Controller
Class diagram, pattern.
State diagram
2. | State diagram - Describes allowed sequence of external system events that
are recognized and handled by a system in the context of a
use case. Additionally state diagrams can be applied to any
class.
3. | Sequence Class diagram Sequence diagram is used to show the interaction between
diagram objects thus showing also the coupling between them.
Sequence diagram is addressed by Creator, Controller,
High cohesion, and Indirection patterns.
4. | Communication | Class diagram Communication diagram is used to show the interaction
diagram and relations between objects. Communication diagram is
addressed by Creator, Controller, High cohesion, and
Indirection patterns.
5. | Activity Class diagram Used for visualizing business workflows and processes, or
diagram use cases.
6. | Class diagram Sequence diagram, Since class diagram is the basis for domain model (in the
Communication diagram, | context of Unified process described in section 2.1.1), it is
State diagram addressed by all nine GRASP design patterns.
7. | Package - Typical system is composed of a set of logical packages.
diagram Each package groups a set of cohesive responsibilities.
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No. | Diagram type Information for Comments

This is the basic practice of modularization to support a

separation of concerns.

The GRASP patterns in the context of Unified software development process are
focused on Business Modeling, Requirements and Design disciplines, thus the GRASP design
patterns uses only part of UML diagram types. This is due the fact that GRASP design
patterns are intended for analysis and design of objects. The deployment diagrams are not
addressed while they describe the logical structure of objects deployment and not the
responsibilities assigned to objects. However these diagrams are addressed by other patterns,
for example, Pattern-Oriented Software Architecture or Architectural patterns. Example of

Architectural pattern is Layer architecture [18] and Model-View-Controller pattern [40].

2.1.4. Conceptual Modeling

Conceptual modeling can be viewed as an activity related to capturing the knowledge
about the desired system functionality. According to [92], “the conceptual schema of an
information system is the specification of its functional requirements”. In the field of
conceptual modeling exists a number of approaches (a set of conceptual modeling approaches
are reviewed in [119]). Review of conceptual modeling in this section is based on [92], where
the development of conceptual schema is divided into two related parts:

e Structural schema — consists of a set of concepts used in a particular domain that

constitutes a conceptualization (i.e., ontology) of a domain, and

e Behavioral schema — specifies valid changes in the domain state together with the

actions that the system can perform (changes in the domain state are domain
events and a request to perform an action is an action request event).

The conceptual schema of software system should include the knowledge about the
domain and the functions that the system has to perform in order to be able to perform the
three main functions of software system [92]:

e Memory function — ability to maintain a representation the domain state

e Informative function — ability to provide information about the domain state, and

e Active function — ability to perform actions that change the domain state.

The state of the domain consists of a set of relevant properties. The meaning of the
relevant properties of the domain depends on the purpose for which the system is built. In the
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conceptual modeling of information systems it is assumed that a domain consists of a number
of objects and the relationships between them, which are classified into concepts. The state of
a particular domain consists of a set of objects, a set of relationships, and a set of concepts

into which these objects and relationships are classified.

2.1.4.1. Development Process

By looking at the conceptual modeling through the prism of UML and the diagram
development sequence an interesting fact comes out — the first model to create is Class
diagram (i.e., the structural schema of software system). The software development process
by using conceptual modeling according to [92] is shown in Figure 2.2 within the context of
two kinds of conceptual schemas that are developed for each software system.

Structural
modeling Class diagram
State diagram U.se Case
diagram
Behavioral Sequence
modeling diagam

Figure 2.2. Schematic representation of conceptual modeling process

The development of Class diagram is divided into several sub-activities: identification
of entities, their relationships (i.e., associations), cardinalities on associations, other
relationship types, derivation, taxonomies (i.e., the class hierarchy), and domain events. The
domain events within classes are reflected as operations. Each entity identified in structural
schema has its own State diagram (or multiple State diagrams) reflecting state changes of it.
The set of use cases should be consistent with the set of requests defined in the behavioral
schema. This consistency comprises two properties:

e Each request generated by use case should be defined in the behavioral schema.

e Each request defined in the behavioral schema should be generated by one or more

use cases.
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One way of documenting the mapping of use cases to requests is by including textual

references to requests near the places in the use case specification where they are generated.

Each use case (the request sequence) can be specified by using Sequence diagram. A

Sequence diagram shows, for one particular scenario of a use case, the action requests that the

actors generate and their temporal order. The State diagram, Use case diagram, and Sequence

diagram together defines the behavioral schema of software system. [92]

2.1.4.2. UML Diagrams Used

Conceptual modeling of software systems [92] uses only five UML diagram types:

Class diagram, State diagrams, Use case diagram, Sequence diagram, and Profile diagram
(see Table 2.4 below).

Table 2.4
UML diagrams used by conceptual modeling
No. | Diagram type | Sequence | Information for Comments
1. | Class diagram 1 State diagram, Reflects entities and their relationships. Each entity

Use case diagram

(partly)

(class) has its own State diagram (or multiple State

diagrams) reflecting state changes of it.

2. | State diagram 2 - Each entity type may be associated with zero, one, or
more State diagrams.
3. | Use case 3 Sequence The set of Use cases should be consistent with the set
diagram diagram of requests defined in the behavioral schema.
4. | Sequence 4 - A Sequence diagram shows, for one particular scenario
diagram of a Use case, the action requests that the actors
generate and their temporal order.
5. | Profile 5 Class diagram An entity type defined in the schema of system may
diagram also be an entity in the information base of the same

system or of another system. A meta entity type is an

entity type whose instances are entity types.

2.1.5. Component Based Development

The first promise of developed code reuse is object orientation — classes developed for

one project should be usable in the next project. This supposed to deliver high-quality

products on time and in budget. Unfortunately as revealed in recent research [55] this is not

true — the software projects frequently overrun their budgets and software is developed behind
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the planned time. The next step in the direction of reusable software parts is components.

According to [127] a component is unit that can be reused or replaced. The ideal way to build

a new system in the context of component based development is to take existing components

and plug them together. In [32] it is said that for a unit to be reusable it should have following

characterization:

High cohesion,
Low coupling with the rest of the system,
A well-defined interface, and

It should be an abstraction of a well analyzed and understood concept.

Stevens in his book [127] describes component based development in the context of

4+1 architecture view model [61] which divides software architecture in five (4+1) views:

Logical view — shows parts of the system and how they are related together with
the functionality that is provided to system users, this view specifies the logical
behavior of the system,

Process view — reflects the dynamic aspects of the system, explains the system
processes and how they communicate; it addresses several nonfunctional
characteristics of system like concurrency, distribution, integrators, performance,
and scalability,

Development view — shows system from the perspective of developer and is
concerned with software management,

Physical (deployment) view — depicts the system from a system engineer
viewpoint; concerned with the layout of software components on the physical
layer, as well as the physical connections between these components, and

Scenario view (the +1 view) — description of architecture is illustrated using a
small set of scenarios which describe sequences of interactions between objects
and processes; scenarios are used to identify architectural elements and to illustrate

and validate the architecture design.

2.1.5.1. Development Process

Component based development is oriented on creating reusable software components

thus it can be used in the context different software development lifecycles and architectural

styles. By applying component based development in the context of 4+1 architectural style as
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suggested in [127], the following UML diagrams are developed for each of the architecture

view:

Scenario view — Use case diagram,

Logical view — Class diagram, Interaction diagrams, and State diagram,

Process view — Interaction diagrams, State diagram, Activity diagram, and
Deployment diagram (used to determine the threads of control of the system),
Development view — Component diagram and Package diagram, and

Physical view — Deployment diagram.

The three case studies provided by Stevens and Pooley in [127] shows a part of a

software development project. Within each case study the set of used diagrams differs and the

order of diagram development also is different. The three case studies together with

developed diagrams are as follows:

Study process administration — 1) Use case diagram, 2) Class diagram, and 3)
Activity diagram;

Board games — 1) Communication diagram, 2) Class diagram, and 3) State
diagram; and

Discrete event simulation — 1) Class diagram, 2) Use case diagram, 3) State

diagram, and 4) Communication diagram.

2.1.5.2. UML Diagrams Used

UML diagrams involved into component based development are listed below in Table

2.5. Since the use of UML diagrams vary from one case study to another (as discussed in

previous subsection), the development sequence of UML diagrams cannot be precisely

specified.
Table 2.5
UML diagrams used in components based development
No. | Diagram type Information for Comments
1. | Use case ? Specifies a set of scenarios which describe sequences of
diagram interactions between objects and processes.
2. | Class diagram ? Shows objects of the system and how they are related together
with the functionality that is provided to system users.
3. | Activity diagram ? Determines the threads of control in the system.
4. | State diagram ?
5. | Communication ? Specifies the logical behavior of the system and determines the
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No. | Diagram type Information for Comments
diagram threads of control in the system.

6. | Sequence ?
diagram

7. | Component ? Shows the system from the viewpoint of developer.
diagram

8. | Deployment ? Shows the system from the viewpoint of system engineer by
diagram showing the topology of components on the physical layer.

9. | Package ? Shows the system from the viewpoint of developer by grouping
diagram together related elements.

2.1.6. Topological Functioning Modeling for Model Driven Architecture

Topological Functioning Modeling for Model Driven Architecture (TFMfMDA) [5] is
an approach intended for problem domain analysis and modeling in the context of Model
Driven Architecture (MDA, [78]) thus attacking the weakest part of MDA — the Computation
independent model (CIM) and its formal transformation to Platform independent model
(PIM). In the context of MDA, TFMfMDA uses an extended version of MDA software
lifecycle [94] (see Figure 2.3). In the standard MDA lifecycle [59] the feedback from
deployment is going back directly to analysis (see “standard feedback™ in Figure 2.3) and it is
clearly visible that CIM is considered only as a textual requirements without any formal
relation to the functionality of the business system and that the requirements and desired
behavior of system is not considered at all when changes are needed in the deployed software
system.

To avoid ignorance of CIM and analysis of the business system in the context of
MDA, TFMfMDA uses capabilities of the universal category logic [9] and is based on the
formalism of TFM. The main idea behind TFMfMDA is that the required functionality
determines the structure of the planned system [100]. This corresponds to the opinion that
there are two stages at the beginning of the problem analysis: the first one is analysis of the
problem domain and the second one is analysis of the application domain. Having knowledge
about a complex system that operates in the real world, a TFM of this system can be
developed. This means that a TFM of the system is tested and can be partially changed and
adjusted by functional requirements and vice versa. Usually changes in TFM are initiated if

the software system introduces new functionality in the problem domain (e.g., in the context
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of library software development project discussed in [100] — sending of SMS natifications is a

new functionality introduced to business process through the developed software system).

am Extended MDA lifecycle

Functioning
description

Mainly text and
drawings

Topological
functioning model

Oriented graph

N\

N

Requirements

Mainly text

PIM

Low level design /

Programming /

PSM

Extended feedback

Standard feedback

Software code

Software code

Deployment /

Standard MDA lifecycle

Figure 2.3. Extended and standard MDA software development lifecycle

2.1.6.1. Development Process

The software development process within TFMfMDA approach begins with the
analysis and formalization of problem domain as shown in Figure 2.4, where the development
is shown in the context of two kinds of information at the beginning of the problem analysis:

the problem domain and the application domain. [5]
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Figure 2.4. Software modeling within TFMfMDA approach

Problem domain analysis and software modeling within the TFMfMDA approach

consists following actions:
Development of TFM reflecting the problem domain functioning,
Functional Requirement Mapping onto TFM,

Use case identification from a TFM,

Conceptual and controller class identification, and

1
2
3
4. Activity diagram development for each identified use case,
5
6

Optimal structure identification by using universal categorical logic.

The formal development of TFM within TFMfMDA is given in Figure 2.5.
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System
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* Objects \ '

¢ Functional
Features
e External Topology
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[Cause-and- ™
effect Relations
Topological
functioning model

Information
about
changes

Physical or
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definition

separation

Figure 2.5. TFM development within TFMfMDA approach [100]

After the development of TFM, the functional features are associated with business

goals of the system. Associating functional features with business goals provides business use
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case and system use case identification according to the problem domain entities. Additionally
after those activities functional requirements can be traced back to the system use case
diagram. Problem domain concepts are selected and described in an UML Class diagram. The
UML Class diagram is developed by performing two transformations: 1) TFM to Problem
domain objects graph; and 2) Problem domain objects graph to Class diagram. As a result of
this transformation a Class diagram reflecting conceptual classes (i.e., without attributes and

operations) and non-directed associations between them is obtained.

2.1.6.2. UML Diagrams Used

TFMfMDA approach uses only three UML diagram types: Use case diagram, Activity
diagram, and Class diagram; and additional two diagrams: TFM and Problem domain objects
graph (see Table 2.6 below).

Table 2.6
Diagrams used in TFMfMDA approach

No. | Diagram type | Sequence Information for Comments

1. | Topological 1 Problem domain objects | TFM is used to formalize problem domain
Functioning graph, Use case diagram, | and thus it is the initial diagram developed
Model and Activity Diagram when using TFMfMDA approach.

2. | Use case 2 - Since TFMfMDA approach is intended for
diagram problem domain analysis using TFM, it does

3. | Activity 3 - not include guidelines for transformations
diagram between standard UML diagrams.

4. | Class diagram 5 -

5. | Problem 4 Class diagram TFM is transformed 1:1 into problem domain
domain object graph where each vertex shows only
objects graph one type of objects.

Despite the fact that TFM can be transformed to Activity diagram, the author of
TEMfMDA in [7] states that “it is impossible to create fork and join nodes automatically
because the TFM does not hold information of concurrency” (thus TFM can be transformed
into “simple” Activity diagram). The transformation from TFM to Class diagram 1is
ambiguous while it is not clear how the control flow showing interaction between objects
(i.e., cause-and-effect relationships) in TFM can be transformed into structural relationships

(i.e., associations) between classes. The level of ambiguousness is even increased in the initial
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stage of TFM to Class diagram transformation — the TFM to Problem domain object graph

transformation.

2.1.7. UML Software Design with Microsoft Tools

Since the author of thesis has experience and knowledge background of developing
software with Microsoft tools and programming languages and Microsoft takes significant
part in the software industry [22] a brief review of UML software design with Microsoft tools
is included. The UML software design with Microsoft tools is based on [38], [69], and [113].
With the Microsoft Visual Studio 2010 it is possible to design software with UML in two
ways [69]:

e Top-Down Software Design (software code generation from UML models), and

e Down-Top or Reverse Engineering (generate UML models from software code).

Development
Complete

Release Readiness Vision / Scope
Review Approved
Scope Project Plan
Complete Approved

Figure 2.6. Phases of iterations in MSF [130]

Application of UML within Visual Studio 2010 is rather fragmented. In the context of
NET software development, the most logical choice of software development process may be
the Microsoft Solutions Framework (MSF) process [130] as enacted by the Team Foundation
Server [69]. The MSF is an iterative software development lifecycle where each iteration
consists of five phases: Envisioning, Planning, Developing, Stabilizing, and Deploying phase

(see Figure 2.6).
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NET software development is the mainstream of Microsoft software development
initiatives and tools [113]. By adding Visualization and Modeling Feature Pack to the
Microsoft Visual Studio 2010 it is possible to import UML models saved in XMI 2.1
standard. If XMI import file contains diagram types not supported by Microsoft Visual Studio
2010 — they will not be imported. Export to XMl files is not available. [113]

At the moment of writing thesis the Visual Studio 2010 includes only five UML
diagram types: Activity diagram, Use case diagram, Sequence diagram, Class diagram, and

Component diagram.

2.1.7.1. Development Process

Despite the fact that UML diagrams within Microsoft tools can be created in any order
and that there is no need to create all of the available UML diagrams, Loton in his book [69]
have described a logical sequence and transformations between available UML diagram
types. Logical transformations between different types of UML diagrams within Microsoft
Visual Studio 2010 according to [69] are given in Figure 2.7.

Activity diagram

‘activites’ reflected
as use cases

Use Case diagram —— . Use cases real.lzecl —» Sequence diagram
using Sequence diagrams

Componelm

Use Cases participatin Some messages
reflect Use Case P P & g.
classes becomes operations

subsystems \J

Classes deployed
as components

Component diagram €—— Class diagram

Figure 2.7. Logical transformations between different types of UML diagrams in Microsoft
Visual Studio 2010

According to [69] the activities defined in Activity diagram can be reflected as use
cases in Use case diagram. Each use case defined in Use case diagram should be realized in
the form of a Sequence diagram. If a Sequence diagram is found without corresponding use

case (or vice versa) the integrity of the solution can be doubted. For each use case there may
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be also a corresponding classes in Class diagram, showing the static relationships between the
classes that interact in the use case realizing Sequence diagram. If an inter-object message
within the Sequence diagram does not have corresponding operation in the recipient class
within Class diagram, the integrity of the solution can be doubted. Finally classes are
packaged into components for deployment. In the context of .NET software development the
components usually are deployed as executable files and dynamic link libraries.

2.1.7.2. UML Diagrams Used

Microsoft Visual Studio 2010 uses only five UML diagram types: Activity diagram,
Use case diagram, Sequence diagram, Class diagram, and Component diagram (see Table
2.7). Additionally to listed five UML diagram types, the Microsoft Visual Studio 2010
includes several Microsoft specific diagrams, like Layer diagram, Directed Graph Document,

and domain-specific language (DSL) Class diagram [113].

Table 2.7
UML diagrams used by designing software with Microsoft tools

No. | Diagram type Sequence Information for Comments

1. | Activity 1 Use case diagram Activities can be reflected as use cases in

diagram Use case diagram.

2. | Use case 2 Sequence, Class, and | Each use case should be specified with a

diagram Component diagram Sequence diagram while class diagram
reflects the participating classes in use case
and components may reflect subsystems
specified in Use case diagram.

3. | Sequence 3 Class diagram Each inter-object message should be

diagram specified as an operation in class.

4. | Class diagram 4 Component diagram Shows classes and static relationships
between them that interact in the use case
realizing Sequence diagram.

5. | Component 5 - Classes are packaged into components for

diagram deployment.

2.2. Benefits and Limitations of UML Modeling Driven Approaches

Since UML itself is a notation and as such it does not contain guidelines on how it can

be applied in practice, the largest benefit of presence of UML modeling driven approaches is
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that the use of UML is made systematical. If UML is combined together with some approach,
it can be used as a powerful tool to analyze and understand both business and software
systems and to design planned software system. Despite the fact that UML modeling driven
approaches provides a systematical use of UML diagrams, these approaches do cover
different parts of a software development lifecycles. Whole software development lifecycle is
covered only by the Unified process and MSF, other methods focuses more on analysis (e.g.,
B.0.0.M., TFMfMDA, and Conceptual modeling) while others — more on design and less on
analysis (e.g., Pattern based design, Component based development). This impacts the
number of UML diagram types that are used by each of the method. The summary of UML
diagrams usage by each method is given in Figure 2.8, where it can be seen that not every
UML diagram type is used (UML in total has 14 diagram types). The greatest amount of

applied diagram types is for the Unified process.

Count of UML diagram types used

OFRLNWRARUIONOOWLOO

Figure 2.8. Number of UML diagrams used by UML modeling driven methods

While the benefit of applying Unified process is the coverage of whole software
development lifecycle, it has some limitations — the Unified process promotes use case driven
analysis of business system thus all the process is more or less use case driven (e.g., actors are

identified by use cases, system class candidates are extracted from the use case narratives by
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using noun analysis). As such the Unified process does not provide a formal way of analyzing
and formalizing business system.

The only formal method for problem domain formalization among the reviewed
methods is TFMfMDA. It uses TFM as a tool for both problem and solution domain analysis
and formalization. When a TFM of system’s functioning has been developed, it can be
mapped onto functional requirements, goals and use cases. By mapping TFM onto functional
requirements, the requirements get validated and missing, overlapping, unrealizable and
conflicting requirements are found. If there are requirements that do not map onto developed
TFM, then it is a signal that a new functionality is going to be introduced to the functioning of
a business system through the new software. TFM can be transformed into Activity diagram
and Class diagram (TFMfMDA addresses Class diagram as Conceptual class diagram). The
Conceptual class diagram contains conceptual classes (without attributes and operations) and
associations between them.

While TFMfMDA has formalized the very beginning of software development
lifecycle, its largest limitation is the Conceptual class diagram and its development. TFM
describes the functionality of the business and software system (including the responsibilities
through the whole system). When TFM is transformed into Conceptual class diagram this
important information of responsibilities from TFM is not transferred to Class diagram, thus
raising a question: “How the responsibilities carried by classes can be determined?” As
underlined by Larman in [64]: “deciding what operations belong where, and how the objects
should interact, is terribly important and anything but trivial. This is a critical step - this is at
the heart of what it means to develop an object-oriented system, not drawing domain model
diagrams, package diagrams, and so forth.”

The analysis of UML application in software development industry [24] shows that
the five most applied diagram type among UML diagrams are: Class diagram — 84%, Use
case diagram — 71%, Sequence diagram — 70%, Activity diagram — 57%, and State diagram —
56% (percentage in braces shows how many of the review’s 135 respondents are using
corresponding UML diagram type). This fact is tightly related with the UML modeling driven
methods — the review of such methods shows that the five most applied UML diagram types
within them are: Class diagram — 100%, Use case diagram — 100%, Activity diagram — 86%,

Sequence diagram — 71%, and State diagram — 71% (see Figure 2.9).
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Figure 2.9. Percentage of UML diagram type application by UML modeling driven methods

2.3. Summary

The use of UML modeling driven methods supplements the application of UML in
software development. While UML is a notation and as such its specification does not contain
any guidelines of its application during software development process, the UML modeling
driven methods fulfill this gap. In fact, the application of modeling methods reduces and even
solves disadvantages of UML identified in previous chapter:

e Size — systematic and consistent software development activities solves issue
related with the large amount of UML diagrams and their elements (i.e., UML is
applied gradually thus avoiding the need to read whole language specification at
once),

¢ Incoherence — through the predefined actions the modeling method tries to develop
diagram by diagram thus showing the seams and transitions between diagrams
(e.g., developing State diagram for each class in Class diagram),

o Different interpretations — UML semantics together with methodical application of

UML diagrams creates shared understanding among stakeholders, and
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e Frequent subsetting — providing UML extension (e.g., profile) and a proper
modeling method that uses this extension it is clearly visible how it is related to
UML elements and diagrams and how software development can benefit from this
extension.

Review of UML modeling methods shows that not every method covers all the
software development lifecycle. Among the reviewed methods only Unified process and MSF
covers whole software development lifecycle while other methods cover just a specific part of
it (e.g., analysis, design) thus impacting the number of UML diagram types that are applied
by each of the method. While most of the reviewed UML modeling methods promotes use
case driven software development process, the only formal method for business system (or
problem domain) formalization among the reviewed methods is TFMfMDA. It uses TFM as a
tool for problem domain analysis and formalization. The TFMfMDA covers only TFM, Use
case, Activity, and Class diagram development. In fact, Class diagram contains conceptual
classes (without attributes and operations) and associations between them, thus the
responsibilities of classes are not assigned. Thus the review of UML modeling driven
methods leads to the following conclusions:

e None of reviewed methods is sufficient for software development that allows to

clearly trace cause-and-effect relationships in both problem and solution domains,

e Modeling methods determine the application of UML diagrams and not the UML

itself (review of UML application in industry ([24]) and UML modeling methods
review shows that the top five most applied UML diagrams are the same), and

e Due to the partial UML and software development lifecycle coverage and the

fragmentary application of UML diagrams the software developers are forced to
combine UML with several modeling methods and techniques (instead of taking
UML as a notation and one UML modeling driven method) thus the application of
UML gets more complicated and incomprehensible.

If the UML disadvantage of lacking causality is solved by supplementing it with
mathematical topology and thus creating TopUML profile, then another UML disadvantage
emerges — frequent subsetting. To address this issue, a new UML extension needs to be
provided together with a proper modeling method — TopUML modeling method. To address
issues related with existing UML modeling methods, the TopUML modeling method should

include following aspects:
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e It should ensure proper analysis of problem and solution domains thus enabling
clearly tracing of cause-and-effect relationships in both domains (all software
artifacts needs to be an abstraction of a well analyzed and understood problem
domain unit),

e |t should cover most of the UML diagrams and software development lifecycle to
eliminate the need to combine together several modeling methods,

e The developed artifacts should be with high cohesion (achieved through proper
analysis of objects and their responsibilities throughout the system), and in
addition

e Components of developed system need to have low coupling with the rest of the
system and a well-defined interface.

While the next chapter is dedicated to explore UML profiling mechanism and specify

TopUML profile, the Chapter 4 defines TopUML modeling method. The TopUML profile
and modeling method together solves issues and disadvantages related with UML and its

application in software development process.
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3. IMPROVING UNIFIED MODELING LANGUAGE

While the UML is intended to be a graphical language for visualizing, specifying,
constructing, and documenting the artifacts of a system it has a number of advantages and a
number of disadvantages (see Chapter 1). The main disadvantages of UML which emerges
the improvement of it are raised from the basis on which UML has been developed. The
specification of UML and the UML itself is not developed basing on any theoretical
principles regarding the constructs required for an effective and usable modeling language for
analysis and design; instead UML arose from (sometimes conflicting) “best practices” in parts
of the software engineering community [24]. This means that the UML goes without
mathematics. In the field of improving UML and its application in software development the
following improvement options are outlined:

e Extending UML by using UML’s extensibility mechanisms,

e Formalizing the semantics of UML,

e Formalizing the way the UML is used, and

e Relating UML constructs to the problem domains.

According to the UML specification, the UML extension is divided into two ways —
“lightweight” extension and “heavyweight” extension [88]. The lightweight extension is done
by using profiles thus defining a new dialect of UML to customize the language for particular
platforms, domain and problem solutions. The heavyweight extension (or the first class
extension) is done by using metamodeling based on MOF (in this case all the benefits of
creating profile are lost and it can be a difficult task to put it into the practice).

If there is need to extend the UML, at first it is needed to draw the scope of UML
extension. If the new language will use most of the UML, then profiles are suitable choose for
that solution. If the new language uses only small part of UML or there is need to use more
complex features of UML such as redefinition, then creating a complete new language by
using MOF metamodeling should be considered. The relationship between the UML and the
new language under consideration is shown by using Venn diagram in Figure 3.1. The Venn
diagram clearly shows that if there is much overlap between the concepts in UML and those
within the new language then UML should be extended and if there is little overlap — then
MOF based solution should be created. An example of using both approaches (UML profile
based extension and MOF based solution) to develop a new language is demonstrated in the
UML testing profile [86]. In other words — the UML testing profile specification defines the

same language by using two different approaches.
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a) New language uses b) New language uses

most of the UML small part of UML
L Ne New
langua language
Extend UML using profile Create MOF based solution

Figure 3.1. Venn diagram showing relationship between UML, the new language under

consideration and the suggested language creation solution

The UML specification itself is defined by using metamodeling approach — a
metamodel is used to specify the model that builds UML. One of the UML metamodel
principles is its extensibility. In fact, the most common and suitable way for improving UML
IS to use its extensibility mechanisms — the profiles. By improving UML with the profile
mechanism, it is possible to adapt and use ordinary UML compliant modeling tools [88]. Thus
by creating a profile of UML the costs of adaption in industry for such new language is
lowered and it can be adapted faster (in comparison with creating a MOF based solution
which forces to implement new modeling tools along with the very new language).

Regardless of which UML extension way is used it is important to add mathematical
foundations to the specification, thus making UML and its use more precise and formal. As
pointed out in [26] and [103], the UML can be strengthened by using the mathematical
topology. The use of topology reflects extending the UML to support topology in its diagrams
and formalizing the way the UML is used. Having more precise and formal language makes it

less expensive to adapt in software development process and tools [42].

3.1. Profiling UML and Metamodeling

The UML specification is defined using a metamodeling approach that adapts formal
specification techniques (it is needed to notice, that this approach lacks some of the rigor of a
formal specification method — mainly due to the extensive use of natural language). The
purpose of metamodeling is to use metamodel for specifying the model that comprises UML.
UML specification is organized in two parts — Infrastructure [88] (represented by

InfrastructureLibrary) and Superstructure [89] (represented by SuperstructureLibrary).
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The Infrastructure is represented by two packages (see Figure 3.2):
InfrastructureLibrary (consists of two subpackages Core (contains core concepts used when
metamodeling) and Profiles (defines the mechanisms that are used to customize metamodels))
and PrimitiveTypes (consists of a few predefined primitive types that are commonly used
when metamodeling) and it satisfies following design requirements [115]:

¢ Define a metalanguage core that can be reused to define a variety of metamodels,

e Architecturally align UML, MOF, and XMI so that model interchange is fully

supported, and

e Allow customization of UML through profiles and creation of new languages

(family of languages) based on the same metalanguage core as UML.

InfrastructureLibrary ]
PrimitiveTypes
Core Profiles

Figure 3.2. Packages of UML’s InfrastructureLibrary [88]

The Core package is a complete metamodel particularly designed for high reusability,
where other metamodels at the same metalevel either import or specialize its specified
metaclasses (see Figure 3.3 where it is shown how UML, Profiles, and MOF each depends on
a common core). Common core is defined as a Core package, thus enabling to share model
elements between UML and MOF and ensuring that UML is defined as a model that is based

on MOF as a metamodel.

————————— > Core Kemmmm -1,

|
|
—
MOF UML Profiles

Figure 3.3. Dependencies between Core, MOF, UML and Profiles packages

The mechanisms and tools of improving and extending UML by using profiles are

given in the Profiles package, which depends on the Core package. The Profiles package
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defines the mechanisms used to tailor existing metamodels towards specific platforms,
domains, problem solutions or software process modeling. The primary target for profiles is
UML, but it is possible to use profiles together with any metamodel that is based on (i.e.,
instantiated from) the common core. A profile must be based on a metamodel such as the
UML that it extends. A profile of UML is a set of stereotypes — when defining a UML profile
the stereotypes are defined to extend classes in the UML metamodel. A stereotype describes
how an existing metaclass is extended thus enabling the integration of platform or domain
specific terminology or notation in the modeling language.

The UML Superstructure metamodel is specified by the UML package
SuperstructureLibrary, which is divided into a number of packages that deal with structural
and behavioral modeling. One of the primary uses of the UML Infrastructure specification is
that it should be reused when creating other metamodels. The SuperstructureLibrary reuses
the InfrastructureLibrary in two different ways: all of the UML metamodel is instantiated
from meta-metaclasses that are defined in the InfrastructureLibrary, and the UML metamodel
imports and specializes all metaclasses in the InfrastructureLibrary.

Defining language by using metamodeling includes dealing with three meta-layers that
always have to be taken into account:

1. Language specification — the metamodel,

2. User specification — the model, and

3. Objects of the model — the run-time instance of model.

This three-layer structure can be applied recursively thus creating possibly infinite
number of meta-layers. The metamodel in one case can be a model in another case (e.g., from
the MOF viewpoint the UML is a model, from profile viewpoint the UML is a meta-model).
The UML metamodel commonly is viewed as a four layer metamodel hierarchy [115]:

e M3 meta-metamodeling layer — defines a language for specifying a metamodel (for

example, MOF)

e M2 metamodeling layer — defines a language for specifying models (i.e., defines
metamodel as an instance of a meta-metamodel, meaning that every element of the
metamodel is an instance of an element in the meta-metamodel)(for example,
UML, specific profile of UML)

e M1 modeling layer — defines languages that describe semantic domains, i.e., to
allow users to model a wide variety of different problem domains, such as
software, business processes, and requirements (for example, user model which is

an instance of UML metamodel).
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e MO run-time instances layer — contains the run-time instances of model elements

defined in a model.

The application of profiles as the UML extension mechanism has number of positive
and negative aspects. When a profiling has been chosen as an extension solution for the
development of the new language the following aspects should be kept in mind:

e Positive aspects:

o Profiles are well described in UML specification,
o Can add structure, additional constraints, and formal notation,
o Standard means for icons definition and well defined display options,
o Application of profiles and how to use them is well defined, and
o Low development costs — profiles can be used within existing UML tools.
e In some cases it could be needed to remove some existing element or change its
existing specification, then the negative aspects of profile application arise:
o Cannot remove existing constraints,
o Cannot redefine existing types, and
o Cannot modify existing structures (i.e., existing relationships between

language elements cannot be removed and changed).

3.1.1. Overview of UML Profiles

The first UML profile was presented at UML’99 [42] under the title “Towards a UML
Extension for Hypermedia Design” [12]. Since that a number of UML profiles are developed
and published [111]. They cover different problem domains, like business process,
requirements, ontologies, device capabilities, parallel applications, and hypermedia. Most of
the UML profiles have been presented at conferences which are specialized in conceptual
modeling and software engineering. As Pardillo has underlined in his research ([111]) the
presentation of UML profiles “shows a great disparity regarding both the profile definition
process and the quality of the UML-profile presentation”, thus leading to difficult
comparison, discussion and usage of presented UML profiles.

To better understand the development and structure of UML profile specification this
section holds an overview of four UML profiles which are created by different teams. The
profiles for review are selected based on following criterions (at least one criterion for each

profile is satisfied):
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1. Widely accepted and used,

2. Developed at research or scientific institution, or
3. Published by OMG (i.e., publishers of UML specifications).

The review of UML profiles includes analysis of following UML profiles which are

selected based on the three criterions listed above:
e Executable UML [76] (XUML), see next Subsection (satisfies the first criterion),
e Topological Functioning Model for Model Driven Architecture [5] (TFMfMDA,
satisfies the second criterion) — created at Riga Technical University by Asnina,
e Object Modeling Group System Modeling Language [90] (OMG SysML, satisfies

third criterion), and

e Service Oriented Architecture Modeling Language [87] (SoaML, satisfies third

criterion).

According to [111], the systematic review of UML profiles should include two main

aspects of UML profiling practices — profile definition process and profile presentation

quality; thus the selected profiles are measured against the following quantitative and

qualitative criterions:

e Qualitative criterions:

1.

UML version extended — shows the version number of UML which is used as
a basis for profile development,

Purpose of the profile — briefly describes the purpose and goal of the profile,
Problem domain addressed — identifies problem domain addressed and the
specific task which needs to be solved by the profile,

Formalization of UML semantics — identifies if semantics of existing UML
elements are formalized,

Formalization of profile semantics — identifies if semantics of the new
elements (i.e., stereotypes) are expressed in formal statements,

Extension approach — evaluates the applied UML extension approach, and
Specification structure — evaluates the profile definition structure and

whether it follows some specification guidelines or style.

e Quantitative criterions:

1.
2.
3.

Metaclasses extended — count of metaclasses that are extended,
Stereotypes defined — count of stereotypes defined in profile,

Diagrams extended — number of UML diagrams that are extended,
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4. Diagrams introduced — count of diagrams that are new to profile (i.e., defined

in profile and does not exist in UML specification), and

5. Total count of diagrams — total count of diagrams included into profile.

The result of the evaluation against qualitative criterions is given below in Table 3.1.

Table 3.1

Evaluation of qualitative criterions for selected profiles

No.

Criterion

Profile

Evaluation

UML version

extended

XUML

1.4

TFMfMDA

2.0

OMG SysML

UMLA4SysML (based on UML version 2.0)

SoaML

2.0

Purpose  of

the profile

XUML

Graphically specifies a system at high level of abstraction, abstracting
away hoth specific programming languages and decisions about the
organization of the software. The models are testable, and can be
compiled into a less abstract programming language to target a specific
implementation. It supports MDA through the specification of PIM, and
the compilation of the PIM into PSM. Together with model compiler,
XUML models are executable — model compiler turns xXUML model into
an implementation using a set of decisions about the target hardware and

software environment.

TFMfMDA

An attempt to raise the formalization level of problem domain modeling
within MDA at the CIM level and CIM-to-PIM transformation. It
includes a new type of diagram — TFM; thus allowing to analyze and
model problem and solution domain functioning. According to [100]
within software development process this diagram should be created
before any other diagram gets constructed. This conforms to the
extended MDA life cycle [94].

OMG SysML

A general-purpose modeling language for systems engineering
applications. It supports the specification, analysis, design, verification,
and validation of a range of systems (e.g., hardware, software,
information, processes, personnel, and facilities) and it is particularly
effective in specifying requirements, structure, behavior, allocations, and
constraints on system properties to support engineering analysis. The
authors of OMG SysML anticipate that it will be customized to model
such as automotive,

domain-specific applications (for example,

aerospace, communication, and information systems).

SoaML

A language for designing services within a service-oriented architecture

(SOA). It supports range of modeling requirements for SOAs, including

70




No. | Criterion Profile Evaluation
the specification of services systems, individual service interfaces, and
service implementations. This is done in a way to support automatic
generation of derived artifacts following MDA based approach.
3. Problem xUML Software modeling and development within MDA.
domain TFMfMDA Formal problem and solution domain modeling and analysis.
addressed OMG SysML | Systems engineering.
SoaML Modeling of SOA and services.
4., Formalization | xXUML None.
of UML | TFMfMDA None.
semantics OMG SysML | None.
SoaML None.
5} Formalization | xXUML Semantics and constraints expressed in natural language.
of profile | TFMfMDA Semantics and constraints expressed in natural language and OCL.
semantics OMG SysML | Semantics and constraints expressed in natural language.
SoaML Semantics and constraints expressed in natural language.
6. Extension xUML Elements of UML are supplemented with action language and action
approach concepts to make the UML diagrams executable.
TFMfMDA UML is extended only where it is necessary to introduce new elements
for definition of TFM and elements related to it.
OMG SysML | Since the OMG SysML profile does not use every modeling element and
every diagram which is included in UML version 2.0, initially a
narrowed version of UML — UML4SysML — is developed. The OMG
SysML specification defines the language architecture in terms of the
parts of UML 2 that are reused and the extensions to UML 2.
SoaML UML is extended only where it is necessary to accomplish the goals and
requirements of SOA and service modeling.
7. Specification | Executable Since this profile is created basing on UML version 1.4, which contains
structure UML no Profile diagram and the profiling mechanism, the specification style
is not convenient with UML specification style. All of the new concepts
are defined only using natural language. For the diagrams and elements
the authors of XUML try to keep the following specification points:
1. UML diagram (description of which can be supplemented by
set of definitions),
2. Diagram element (description of which are supplemented by set
of definitions), and
3. How to apply diagram in software development process.
TFMfMDA Specification of TFMfMDA includes profile diagram which shows

metaclasses and stereotypes extending them. Each stereotype has brief
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No. | Criterion

Profile

Evaluation

description of its semantics in natural language and constraints in OCL.

A standalone metamodel is defined for TFM.

OMG SysML

Specification structure follows the style in which the UML specification

itself is written. Specification is divided into parts that contain specific

modeling aspects; each part contains definition of elements needed to

construct specific diagram. Elements are described in the same way as in

UML specification, thus containing determined specification parts.

SoaML

The same as used for OMG SysML (see above).

The result of the evaluation against quantitative criterions is given below in Table 3.2.

Table 3.2
Evaluation of quantitative criterions for selected profiles
Profile
o xUML TFMfMDA OMG SysML SoaML
Criterion
Metaclasses
? 6 25 12
extended
Stereotypes
P ? 8 40 20
defined
Diagrams
? 0 3 0
extended
Diagrams
0 1 2 0
introduced
Total count of
) 8 14 9 13
diagrams

Summary of positive and negative aspects for each evaluated profile is given below in

Table 3.3.

Positive and negative aspects of selected UML profiles

Table 3.3

No. | Aspect

Profile

Evaluation

1. Positive | xUML

Models are testable and executable. Profile contains approach of applying it.

aspects TFMfMDA Profile has an approach (called TFMfMDA) for its use in software
development.
OMG SysML | Profile definition structure.
SoaML Profile definition structure.
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No. | Aspect Profile Evaluation

2. Negative | xXUML Profile definition style — no stereotypes and extended metaclasses modeled.

aspects TFMfMDA TFMfMDA approach uses problem domain graph as intermediate model
between TFM and class diagram but in the same time this graph is not
included in TFEMfMDA profile.

OMG SysML | The introduced requirements diagram is just a repository of textual

requirements.

SoaML Names of stereotypes are the same as for the metaclasses they extend. It
could lead to confusion of used element and misunderstanding of developed

diagrams.

The review of profiles shows that there is no unified profile definition template or
approach — each author defines profile on its own. After doing systematic review of UML
profiles presented at UML and ER conferences from 1999 till 2010, Pardillo in his research
[111] has outlined that “the low presentation quality point out the need of more formal
methods and templates to present UML profiles.” Only two of four reviewed profiles — OMG
SysML and SoaML — have huge similarities in the profile specification (the specification
structure is about 85% the same). The specification of these two profiles follows the overall
specification structure of UML; thus if the reader is familiar with the UML specification
understanding of these profiles is relieved. Summarizing issues related to UML profile
specification techniques and templates, the next subsection provides guidelines for profile

development.

3.2. Developing a Profile for UML

Developing a profile for UML should be done in consistent way by using some unified
profiling approach or template. Since UML specification contains only the definition of
elements that are building up a profile and does not provide guidelines or process on how to
apply these elements, before creating a profile for UML it is needed to define guidelines of
profile development. While this section summarizes up the contents of profile in the terms of
used elements from UML specification, the next subsection gives guidelines of contents for a
profile specification.

The UML profile diagram consists of following elements [89]:

e Metamodel — a referenced model that is extended through the profile (e.g., UML),
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Reference — g
relationship «reference» |

Reference — a dependency relationship with attached stereotype «reference» that is
directed from profile to referenced metamodel,

Profile — a special package that extends a referenced metamodel by adding
stereotypes to it,

Metaclass — a class that is extended by stereotype,

Stereotype — extends existing UML vocabulary by adding a new element to it and
it describes how an existing metaclass can be extended enabling the integration of
platform or domain specific terminology or notation in the modeling language (a
set of stereotypes build up the profile); a stereotype extension is used to indicate
that the properties of a metaclass are extended through a stereotype,

Extension — a special binary association, extension end is used to tie an extension
to a stereotype when extending a metaclass, and

Profile application — a dependency relationship with attached stereotype «apply»
between a package and a profile that allows to use the stereotypes from the profile
in the model elements of the source package (profile application relationship is

directed from package that applies profile to the profile package).

‘ Referenced metamodel BW ‘ Package applying profile A

\
\

«metamodel»
umL Testing process

fffffff Application relationshi
3 Extension «apcgly» PP p B}
«profile» relationship !

TestML N

! Stereotype BW
«metaclass» l ! «stereotype» -
UseCase TestCase

Extended L5
metaclass

Figure 3.4. Example of profile and profile application

An example showing generic profile with name “TestML " is given in Figure 3.4. The

example of profile extends UML by adding stereotype

74

“TestCase”.

The stereotype



“TestCase” extends metaclass “Class” by using extension relationship. The profile is applied

by the package “Testing process”.

3.2.1. Profile Specification Template

As shows the specification of OMG SysML [90] and SoaML [87] the best practice for
UML profile specification is to use the same structure as used for UML specification, thus if
the reader is familiar with UML specification it is easier to read and understand the
specification of specific UML profile. UML specification is created by keeping in mind
following aspects [88]: Correctness, Precision, Conciseness, Consistency, and
Understandability.

The profile specification should start with profile diagram showing the referenced
metamodel and how the profile extends it. After profile diagram, one or more package
diagrams should be provided showing the packages of which the profile consists. UML
elements within its metamodel and specification also are grouped into packages. At this point
it is advised to reuse the package specification style used in UML specification. Each package
and each class in the UML specification (both — infrastructure [88] and superstructure [89] —
specifications) has following structure:

e Package - this clause provides information for each package and each class in the UML
metamodel or profile. Each package specification contains one or more of the following
sub clauses (Classes, Diagrams, and Instance model).

o Classes — contains a list of the classes specifying all the constructs defined in
package. This sub clause begins with one diagram or several diagrams depicting
the abstract syntax of the constructs (i.e., the classes and their relationships) in the
package, together with some of the well-formedness requirements (multiplicity
and ordering). Then follows a specification of each class in alphabetic order. Each
class specification has following sub clauses:

= Description — an informal definition of the metaclass specifying the
construct in UML.

= Attributes — list of all attributes for metaclass. Attributes are given
together with a short explanation.

= Associations — list of all member ends of associations connected to this
class (associations are listed in the same way as attributes).
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Constraints — well-formedness rules of the metaclass. These rules specify
constraints over attributes and associations defined in the metamodel.
Mostly they are defined by using OCL expressions together with an
informal explanation of the expression.

Additional Operations (optional) — contains any additional operations on
the class which are needed for the OCL expressions.

Semantics - the meaning of a well formed construct is defined using
natural language (can include formal definition of construct’s semantics).
Semantic Variation Points (optional) — objective of a semantic variation
point is to enable specialization of that part of UML for a particular
situation or domain.

Notation — presents the notation of the construct (i.e., class).

Presentation Options (optional) - if there are different ways to show the
construct, these ways are described in this sub clause.

Style Guidelines (optional) — describes non-normative conventions that are
used in representing some part of a model.

Examples (optional) — examples of how the construct is to be depicted.
Rationale (optional) — if there is a reason why a construct is defined like it
IS, or why its notation is defined as it is, then it is given in this sub clause.

Diagrams — this sub clause is included into specification to describe specific kind

of diagram, if this diagram uses the constructs that are defined in this package.

Instance model — shows an example of applying constructs defined in this

package.

3.3. Topological Unified Modeling Language —an UML Improvement

Topological Unified Modeling Language (TopUML) is a combination of UML and

formalism of Topological Functioning Model (TFM) and is based on the principles of

metamodeling and MOF. Idea of Topological UML is adapted from [93] where it is shown

that “there is a lack of mathematical formalism by drawing UML diagrams”. The main aim of

improving UML is by transferring topology and mathematical formalism of TFM to UML.

The first research results in [102] shows that it is possible to transform topology from TFM

into UML class diagrams thus creating a new diagram called “Topological class diagram”
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and that this diagram can be refined to have all necessary information for software
development [31].

TopUML is developed as a profile of UML and its specification takes advantage of the
package merge feature of UML to merge extensions into UML. The created profile provides a
UML specific version of the metamodel that can be incorporated into standard UML
modeling tools [88]. Since there is no specific profile definition method or approach [111] the
TopUML profile definition is done by using results of profile definition analysis as given in
Section 3.2. TopUML development is based on following steps:

e Extend UML by using profile mechanism, thus creating TopUML profile, and

e Define guidelines for using TopUML in practice (thus formalizing the way the

TopUML is used).

Despite that together with TopUML is defined method on how to apply it in practice,
the TopUML language is intended to support multiple approaches and methods (e.g.,
structured, object-oriented, conceptual). It is assumed that each methodology may impose

additional constraints on how a TopUML construct or diagram may be used and applied.

3.3.1. Topology in UML Diagrams

The analysis of UML diagrams included in the version 2.4.1 shows which of the
diagrams already have elements that can reflect cause-and-effect relationships and which
diagrams should be extended. The extension of a number of UML diagrams is necessary to
develop a framework for TopUML and later define TopUML profile diagram for it. The

analysis of existing UML diagrams is given in Table 3.4.

Table 3.4
Cause-and-effect relationships in UML version 2.4.1 diagrams
Has cause- i
. Requires o
No. Diagram and-effect ) Description
) . extension
relationship
Structure diagrams
1. Class No Yes Relationships which are used in Class diagrams do not
diagram reflect cause-and-effect relations between classes, e.g.,
Dependency shows that one class uses another without any
clues how this class and for what is used, Association shows
structural relationships between classes (i.e., the structure),
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No.

Diagram

Has cause-
and-effect

relationship

Requires

extension

Description

Generalization shows inheritance between classes. By
adding Topological relationship to class diagram it is

possible to model cause-and-effect relations between classes.

Component

diagram

No

No

Component diagram shows relationships between logical
components (by using interfaces and ports), i.e., it shows
how a software system will be composed of a set of
deployable components. Therefore Component diagram do

not need to include topological relationship.

Composite
structure

diagram

No

No

A composite structure diagram shows the internal structure
of a class or collaboration. Since the difference between
components and composite structure is small, Composite
structure diagram do not need to include topological

relationship.

Deployment

diagram

No

No

A deployment diagram shows a set of nodes and their
relationships. Deployment diagrams are used to illustrate the
static deployment view of architecture. Therefore
Deployment diagram do not need to include topological

relationship.

Object

diagram

No

No

Object diagram shows instance of classes in class diagram
with objects and their corresponding relationships (i.e., a
snapshot taken at specific time). Since triggering of
topological relationship causes a change in system the
snapshot taken is altered thus creating a new snapshot.
Therefore Object diagram do not need to include topological

relationship.

Package

diagram

No

No

Package diagram models contents of packages and
relationships between packages, i.e., the structure of
packages. Relationships used in package diagrams are
import and export. If an element of one package uses
element from another package then there is a relationship
between the two packages. Relations between packages are
used to enable reuse of package contents. Therefore Package

diagram do not need to include topological relationship.

Profile

diagram

No

No

Since Profile diagram allows to define a new language
belonging to UML language family, it allows to add new
language elements or extend existing ones and it does not

include information about functioning of systems. The
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No.

Diagram

Has cause-
and-effect

relationship

Requires

extension

Description

Profile diagram is not used to model and design systems.
Therefore Profile diagram do not need to include topological

relationship.

Behavior diagrams

Activity
diagram

Yes

No

Cause-and-effect relations in Activity diagram is reflected
by the control flow from one node to another. Therefore
Activity diagram do not need to include additional

topological relationship.

Use case

diagram

No

Yes

Associations between actors and use cases show that there
can be interaction (message sending) between actor and use
case. Actor can be a user or another system. Addition of
topological relationship to Use case diagram enables to
design and show formally defined communication between
the use case and actor thus showing who is triggering the

communication.

10.

State

diagram

Yes

No

Topological relationship within State diagram is reflected by
transition relationship between two states indicating that an
object in the first state will perform certain actions and enter
the second state when a specified event occurs and specified
conditions are satisfied. Therefore State diagram do not need

to include additional topological relationship.

Behavior diagrams: Interaction diagrams

11.

Sequence

diagram

Yes

No

Message sending from one lifeline to another (i.e., a series of
messages) establishes a chain of causality in Sequence
diagram thus it already has constructs to reflect cause-and-
effect relationships. Therefore Sequence diagram do not

need to include additional topological relationship.

12.

Communi-
cation

diagram

Yes

No

Since both Sequence diagram and Communication diagram
derive from the same information in UML metamodel
message sending from one lifeline to another (i.e., a series of
messages) establishes a chain of causality in Communication
diagram thus it already has constructs to reflect cause-and-
effect relationships. Therefore Communication diagram do

not need to include additional topological relationship.

13.

Interaction
overview

diagram

Yes

No

Interaction overview diagram combines aspects of activity
diagrams and sequence diagrams thus it already has

constructs to reflect cause-and-effect relationships.
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Has cause-

) Requires .
No. Diagram and-effect i Description
. . extension
relationship
Therefore Interaction overview diagram do not need to
include additional topological relationship.
14. Timing Yes No Timing diagrams describe behavior of both individual
diagram classifiers and interactions of classifiers, focusing attention

on time of occurrence of events causing changes in the
modeled conditions of the lifelines. Therefore Timing
diagram already has constructs to reflect cause-and-effect
relationships and do not need to include additional

topological relationship.

Analysis of UML diagrams shows that six of fourteen UML diagrams already have
constructs that can reflect cause-and-effect relationships within the system. These diagrams
are Activity, State (or State machine), Sequence, Communication, Interaction overview, and
Timing diagram. The analysis of UML diagrams provides results of diagrams which are
missing topological relationships and which one of those should be extended. Extension
should be provided for two UML diagrams: Class diagram and Use case diagram.

3.3.2. TopUML Diagrams

According to the TopUML base idea to combine formalism of TFM with UML and to
create TopUML in accordance with UML extension mechanisms, the new language includes
all diagram types from UML and a new diagram type — Topological functioning model (thus
making a family of fifteen diagrams). The analysis of topology in UML diagrams shows that
there are two diagrams which should be extended in order to include topological relationship:
Class diagram and Use case diagram. Extension of these two diagrams means that it is
possible to reflect cause-and-effect relations by using these diagrams. The extended versions
of these two diagrams are called “Topological class diagram” and “Topological use Case
diagram”.

The diagrams included into TopUML language specification are as follows:
Topological class diagram, Component diagram, Object diagram, Composite structure
diagram, Deployment diagram, Package diagram, Profile diagram, Topological functioning

model, Activity diagram, Topological use case diagram, State diagram, Sequence diagram,
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Communication diagram, Interaction overview diagram, and Timing diagram. The diagram
types included in TopUML are shown in Figure 3.5, where with bolder lines are denoted the
new diagram — Topological functioning model — and two extended diagrams — Topological

class diagram and Topological use case diagram.

TopUML diagrams ﬁ

Diagram

i

Structure Behavior
Diagram Diagram
A A
Topological Composite Topologocal Topological
_Class Structure Functioning Use Case
Diagram Diagram Model Diagram
Cg?;g?;:qm DeDri);%)gnfflnt Activity State Machine
Diagram Diagram
iject Package Interaction
Diagram Diagram Diagram
Profile ‘ ‘
Diagram Sequence Interac_non
: Overview
Diagram )
Diagram
Communication Timing
Diagram Diagram

Figure 3.5. Diagram types included in TopUML

3.3.3. TopUML Profile

The profile diagram specifying TopUML language consists of eight stereotypes and
two enumerations which are divided into four packages. The top-level profile diagram of
TopUML is given in Figure 3.6 which shows the related metamodel and relationships
between packages in profile. The packages are used to group together elements basing on
their intent and semantics and to ease the evolution of TopUML (i.e., creation of new
TopUML versions). The packages that build up TopUML profile are as follows:

e TopologicalRelationships — contains constructs related to relationships
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e TopologicalStructure — contains constructs related to structure representation
e TopologicalBehavior — contains constructs related to behavior modeling, and

e TopologicalModels — contains diagram types added to UML by TopUML profile.

«metamodel»
UML
N

«refefence»
«profile»
TopUML ]

TopologicalRelationships TopologicalStructure
<;import\» «import»

TopologicalBehavior g------ «import»------1 TopologicalModels

Figure 3.6. TopUML profile top level package

TopUML profile packages are designed to provide the necessary constructs to create
Topological functioning model, Topological class diagram, and Topological use case
diagram. Stereotypes included into each package are used across multiple diagram types thus
making TopUML profile more compact and without needless constructs. Below is given brief
description of each package and stereotype included into TopUML profile (full specification
of TopUML profile is given in in Appendix 2 on page 174).

The topological relationships package is given in Figure 3.7 as package
TopologicalRelationships and it contains following stereotypes:

e TopologicalRelationship — topological relationship is a binary relationship that
shows a cause-and-effect relation between two elements — source element and
target element. A topological relationship is assertion that indicates that the effect
element can be triggered only by the cause element thus showing that effect

element is executed only after the cause element executes.
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e LogicalRelationsip — logical relationship represents logical relation between two

or more topological relationships belonging to TFM (an instance of

TopologicalFunctioningModel). It can show conjunction (and), disjunction (or),

and exclusive disjunction (xor).

TopologicalRelationships
<<metaclass>> <<metaclass>> <<enurT1eration>>
DirectedRelationship Relationship RelationType
+and
f £
+xor
<<stereotype>> <<stereotype>>
TopologicalRelationship LogicalRelationship
+id : string +id : string
+cycle : TopologicalCycle +relationType : RelationType
+logicOnIncomingArcs : LogicalRelationship
+logicOnOutgoingArcs : LogicalRelationship
+islInMainCycle() : boolean

Figure 3.7. TopologicalRelationships package

The topological relationships package is given in Figure 3.8 as package
TopologicalStructure.
TopologicalStructure
<<metaclass>> <<metaclass>>
Class Operation

<<stereotype>> <<stereotype>>

TopologicalCycle TopologicalOperation
+isMain : boolean +functionalFeature : FunctionalFeature
+order : int +preAction : TopolgicalRelationship
+relationship : TopologicalRelationship +postAction : TopolgicalRelationship
+functionalFeature : FunctionalFeature

Figure 3.8. TopologicalStructure package

TopologicalStructure package contains following stereotypes:
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e TopologicalCycle — topological cycle represents directed functional cycle of
system; it consists of elements and relationships between them. Topological cycle
can show the “main” functionality that has a vital importance in the functioning of
system, i.e., by interrupting the main cycle the system can no longer function or its
functioning is deformed.

e TopologicalOperation — topological operation is a behavioral feature of classifier
that specifies the name, type, parameters, and constraints for invoking an
associated behavior, and related functional features and topological relationships
for specifying cause-and-effect relations within system, thus allowing a cause-and-
effect relations to be modeled within the system by means of behavioral features
(e.g., in topological class diagram).

Topological behaviors package is given in Figure 3.9 as package

TopologicalBehavior.

I
TopologicalBehavior
<<metaclass>> <<metaclass>> <<metaclass>>
Behavior Constraint NamedElement
<<stereotype>> <<stereotype>> <<stereotype>>
FunctionalFeature Condition ActionResult
+action : string +id : string +result : string
+actionResult : ActionResult +condition : string +affectedClass : Class
+class : Class +oppositeCondition : Condition
+newState : State
+cycle : TopologicalCycle
*entity : Actor <<enumeration>>
+executorlsSystem : boolean Subordination
+id : string Hnner
+object : string +external
+operation : TopologicalOperation
+postCondition : Condition
+preCondition : Condition
+subordination : Subordination
+islnput() : boolean
+isOutput() : boolean

Figure 3.9. TopologicalBehavior package

TopologicalBehavior package contains following stereotypes:
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¢ FunctionalFeature — functional feature is a description of an atomic business
action (i.e., it cannot be separated into a number of other business actions).
Each functional feature is a unique tuple (stereotype FunctionalFeature is an
abstraction of this tuple).

e Condition — condition shows pre- and post- conditions within system. To enter
the execution of behavior (e.g., functional feature) all preconditions of it
should be true and to exit the execution of this behavior all postconditions
should be evaluated to true. In the context of business system a condition also
can be atomic business rule.

e ActionResult — action result specifies a result of object’s action together with
affected objects. For example, by registering customer in the registration
journal a registration entry is created.

The topological models package is given in Figure 3.10 as package

TopologicalModels.

TopologicalModels

<<metaclass>>
Model

f

<<stereotype>>
TopologicalFunctioningModel
+functionalFeature : FunctionalFeature
+cycle : TopologicalCycle
+relationship : TopologicalRelationship

+checkCycleStructure() : boolean
+checkConnectedness() : boolean
+checkLogicalRelationships() : boolean
+inputs() : FunctionalFeature *
+outputs() : FunctionalFeature *

Figure 3.10. TopologicalModels package

TopologicalModels package contains one stereotype:
e TopologicalFunctioningModel — represents TFM by using UML metamodeling
constructs. TFM is a mathematical model that shows functioning of a system in the

form of directed graph consisting of functional features and topology between
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them. Functional features embed information of systems functioning and its
structural description while topology defines cause-and-effect relations between

them.

3.3.4. Metamodels of TopUML Diagrams

This section gives metamodels of TopUML diagrams which are new to UML or which
have been extended. The following subsections gives metamodels for Topological functioning
model, Topological class diagram, and Topological use case diagram. In order to better
illustrate meaning of metamodel each subsection briefly describes elements used in
metamodel together with instance description of metamodel, and gives an example of
metamodel instance. Mappings between elements of TopUML diagrams are given in
Appendix 3 on page 186. Mappings are described for diagrams which are new to UML or
extended by TopUML profile. All mappings that exist between UML diagrams remain the
same. The mappings between standard UML diagrams can be found in various books and
researches, like [15], [41], [112], [127], and [128]. Mappings between TopUML diagrams are
described in the form of table by giving element of one TopUML diagram type and
corresponding element in other kind of TopUML diagram. For better understanding a

description of this mapping is given.

3.3.4.1. Metamodel of Topological Functioning Model

To better understand the metamodel of TFM at first is given formal definition of it and
its elements. TFM has strong mathematical basis and is represented in a form of a topological
space. The TFM has topological characteristics: connectedness, closure, neighbor-hood, and
continuous mapping. Despite that any graph is included into combinatorial topology, not
every graph is a topological functioning model. A directed graph becomes the TFM only
when theoretical substantiation of the systems is added to the above mathematical
substantiation. The latter is represented by functional characteristics: cause-effect relations,
cycle structure, and inputs and outputs. [94]

TFM enables careful analysis of system’s operation and communication with the
environment through analysis of functional cycles. Thus it is stated that at least one directed
closed loop (i.e., cycle) must be present in every topological model of system functioning.
This cycle shows the “main” functionality that has a vital importance in the system’s life.

Usually it is even an expanded hierarchy of cycles. By interrupting this “main” cycle the
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system can no longer function or it functions faulty. To better illustrate “main” cycle in graph
representation of TFM, the arcs belonging to this cycle is drew with bolder lines. [100]
Formal Definition of Topological Functioning Model: TFM is represented in a form
of a topological space (see equation (1)), where X is a finite set X of functional features Xigq
(see equation (4)) of the system under consideration, and ©® is the topology that satisfies
axioms of topological structures and is represented in a form of a directed graph (i.e., ® is a

finite set of topological relationships Tiq (See equation (3)) between functional features):
G =(X, ). (D[99l

Topological space Z represents functioning of the system under consideration and its
surrounding environment (i.e., finite set of TFMs exists in topological space where each TFM
shows functioning of a specific system). The topological space Z is a system represented by
equation (2), where N is a set of internal system functional features and M is a set of
functional features of other systems that interact with the system or of the system itself, which

affect the external ones:
Z=NuUM. (2)[99]

The necessary condition for constructing the topological space Z is a meaningful and
exhaustive verbal, graphical, or mathematical system description. The adequacy of a model
describing the functioning of a specific system can be achieved by analyzing mathematical
and functional properties of such abstract object. [94]

To analyze and show functioning of specific system TFM of this system should be
separated from topological space Z. Separation of the TFM from the topological space Z of a
problem domain is performed by applying the closure operation over a set of system’s inner
functional features (the set N) as it is shown by equation (3), where Xn is an adherence point

of set N and capacity of X is the number n of adherence points of N:

x=[N]={Jx, (3)[99]

An adherence point of the set N is a point, whose each neighborhood includes at least

one point from the set N. The neighborhood of a vertex Y in a directed graph is the set of all
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vertices adjacent to Y and the vertex Y itself. It is assumed here that all vertices adjacent to Y
lie at the distance d=1 from Y. An example of TFM is given in Figure 3.11.

Topological relationship
--| between cause functional
feature Xs and effect
functional feature Xg

Figure 3.11. Example of Topological functioning model

Formal Definition of Functional Features: Functional feature is a description of
atomic business action (i.e., it cannot be separated into a number of other business actions). In
[6] it is suggested that each functional feature is a unique tuple; in [103] this tuple is extended
to include class and operation reference (elements Cl and Op). This research redefines tuple to
include all necessary elements needed when constructing TFM (the new elements are Id, St,

Es, and S). Unique tuple definition of functional feature Xjq is a shown by equation (4):

Xig =<Id, A, Op, R, O, ClI, St, PrCond, PostCond, E, Es, S>, where 4)

e Id —identifier of functional feature,

e A —action of object O,

e Op — operation which will provide functionality defined by action A (can be
acquired when the class diagram is synthesized),

e R —result of action A (optional),

e O — object that receives the result or that is used in action A (for example, a role, a
time period, a catalogue, etc.),

e CIl — class which will represent object O in static viewpoint of system (can be
acquired when the class diagram is synthesized),

e St —new state of object O after performing action A (optional),

e PrCond - is a set of preconditions Cjq (See equation (5)) (optional),

e PostCond —is a set of postconditions Ciq (see equation (5)) (optional),

e E —entity responsible for performing action A,

e Es - indicates if execution of action A could be automated (i.e., performed without

human interaction), and
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e S -—subordination of functional feature (can be internal or external).
Formal Definition of Preconditions and Postconditions: Each precondition or
postcondition is a condition Cjq described by unique tuple given in equation (5). Condition

can be considered as an atomic business rule.

Cig = <Id, Cond, oCond>, where (5)

e Id - identifier of condition,

e Cond - condition or an atomic business rule, and

e 0Cond — identifier of opposite condition, i.e., C; = —C; (optional).

Formal Definition of topological relationships: Cause-and-effect relationship Tig is
a binary relationship relating two functional features Xy and are represented as arcs of a
directed graph that are oriented from a cause vertex to an effect vertex. The synonym for
cause-and-effect relationship is topological relationship. Each cause-and-effect relationship is

a unique tuple represented by equation (6):

Tld = <Id! XC! Xe, LOutv I—in>, Where (6)

e Id — unique identifier of topological relationship,

e X, —cause functional feature,

e X, —effect functional feature,

e L, — set of logical relationships between topological relationships on outgoing

arcs of cause functional feature X. (optional), and

e L, — set of logical relationships between topological relationships on incoming

arcs of effect functional feature X, (optional).

Formal Definition of Logical Relations: Logical relation Ligz shows the logical
relationship conjunction (and), disjunction (or), or exclusive or (xor) between two or more
topological relationships Tiq. The type of logical relation denotes system execution behavior
(e.g., decision making, parallel actions). Each logical relation is a unique tuple represented by

equation (7):

Lig = <Id, T, Rt>, where @)

e Id —identifier of logical relationship,
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e T —set of topological relationships belonging to this logical relationship, and

e Rt - logical relationship type (and, or, or xor).

Identification of logical relations Liy between cause-and-effect (i.e., topological)

relationships Tiq consists of two activities:

1. ldentification of logical relations L,y between topological relationships Tiq that are
outgoing from functional feature Xjq, and

2. ldentification of logical relations L;, between topological relationships Ti4 that are
incoming to functional feature Xjg.

Example of logical relations between topological relationships is given in Figure 3.12.

Logical relation OR between [\ ="
incoming arcs of functional
feature X3

Logical relation XOR between [\
outgoing arcs of functional
feature Xg

Figure 3.12. Example of logical relations between topological relationships

Definition of TFM metamodel: The metamodel of TFM represents it as an instance
of the metaclass TopologicalFunctioningModel. In order to define metamodel of TFM the
following UML version 2.4.1 metaclasses has been extended: Model, Class, NamedElement,
Behavior, Constraint, Relationship, and DirectedRelationship.

Metamodel of TFM is given in Figure 3.13 on next page showing all stereotypes,
metaclasses and enumerations involved into definition of TFM. Mappings between elements
of unique tuple (see equation (4) on page 88) and attributes of stereotype FunctionalFeature

which is defining functional features is given in Table 3.5.

Table 3.5
Mappings between tuple and stereotype elements representing functional feature Xjq
Tuple element Class attribute or property with type Multiplicity
1 Id id:string 1
2 A action:string 1
3 Op operation:Operation 0.1
4 R actionResult: ActionResult 0.1
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Tuple element Class attribute or property with type Multiplicity
5 O object:string 1
6 Cl class:Class 0.1
7 St newState:State 0.1
8 PrCond preCondition:Condition 0.*
9 PostCond postCondition:Condition 0.*
10 | E entity:Actor 1
11 | Es executorlsSystem:boolean 1
12 | S subordination:Subordination 1

<<enumeration>> ActionResult
Subordination +result : string
Actor +inner +affectedClassy |, 0..1
+external +actionResuI( 0..1
+entity 1 Class
1 +subordination
y [ r +class /\ 0..1
1 0..1 +class
FunctionalFeature B
+functionalFeature +id g0
2.*7 | +action : string <>
1 +executorlsSystem : boolean
+object : string
TopologicalFunctioningModel +isinpul() : boolean sownediOperation | (0.
+checkCycleStructure() : boolean +isOutput() : boolean a
+checkConnectedness() : boolean Ip— _> 1 +operation ) )
+checkLogicalRelationships() : boolean R X TopologicalOperation
+inputs() : FunctionalFeature * +functionalFeature h
+outputs() : FunctionalFeature * 1
3 <
’ 0..4 |, +postCondition
1 +newState 0.1 T
ondition
T +preCondition| .~
State <> *id : string
07 |+condition : string

1.4|/ +cycle

+functionalFeature

TopologicalCycle

+isMain : boolean

[+cycle

2. +source T 1 /hoﬂ \
+target +opposite Conditio

<<enumeration>>
RelationType

‘ 0.+ |*id:string

+logicOnOutgoingArc:

+order : int 0.* +and
i i TopologicalRelationshi ‘é 5
opologicalRelationship +x0r
+relationshiﬁ +id : string relatedElement
2" ‘— +relationType 1
‘-_-__-__-__-__-_2_‘_> +logicOnincomingArog , 0..*
_ LogicalRelationship
+relationshi

Figure 3.13. Metamodel of Topological functioning model
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Mappings between elements of unique tuple (see equation (5) on page 89) and
attributes or properties of stereotype Condition which is defining pre- and post- conditions of

functional feature is given in Table 3.6.

Table 3.6
Mappings between tuple and stereotype elements of pre- and post- conditions Ciq
Tuple element Class attribute or property with type Multiplicity
1 Id id:string 1
2 Cond condition:string 1
3 oCond oppositeCondition:Condition 0.1

Mappings between elements of unique tuple (see equation (6) on page 89) and
attributes or properties of stereotype TopologicalRelationship which is defining topological

relationships between functional features is given in Table 3.7.

Table 3.7
Mappings between tuple and stereotype elements of topological relationships Tiq
Tuple element Class attribute or property with type Multiplicity
1 Id id:string 1
2 Xc source:FunctionalFeature 1
3 Xe target:Funtional Feature 1
4 Lout logicOnOutgoingArcs:LogicalRelationship 0.*
5 Lin logicOnIncomingArcs:LogicalRelationship 0.*

Mappings between elements of unique tuple (see equation (7) on page 89) and
attributes or properties of stereotype LogicalRelationship which is defining logical relations

between topological relationships is given in Table 3.8.

Table 3.8
Mappings between tuple and stereotype elements of logical relationships Lig
Tuple element Class attribute or property with type Multiplicity
1 Id id:string 1
2 T relatedElement: TopologicalRelationship 2.*
3 Rt relationType:RelationType 1

According to metamodel of TFM in order to create TFM an instance of class
TopologicalFunctioningModel should be instantiated. Each instance consists from at least two
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functional features (instances of class FunctionalFeature), two cause-and-effect relationships
(instances of class TopologicalRelationship) and at least one functioning cycle (instance of

class TopologicalCycle).

3.3.4.2. Metamodel of Topological Class Diagram

Metamodel of Topological class diagram is given in Figure 3.14, where classes with
bolder lines show elements that are added to the metamodel of regular UML class diagram.

+association 2.2
Association Property
Type HendType isDerived : Boolean 0.1 HnamberEnd isReadOnly : Boolean
2 : sswhinak iati . | default : String
MIaEtoaanon isComposite : Boolean
0.1 +ownedEnd| jsDerived : Boolean
isDerivedUnion : Boolean
0.1 0.
.0l +superClass +navigable OwnedEnd
Class .
R o — 0:1 +ownedAttribute
+class 0.2
0.° 0.1 +ownedOperation
TopologicalOperation I +source
+class 0.*
1
+operation | 0.1 1 +target
+postAction| 0..1
+class /\ 0..1
TopologicalRelationship
0..1 : :
+id : String
+preAction
+relationship 2.
1 0.7 | +cycle
|_FunctionalFeature |qgp—! B
. 2 +functionalFeature TopologicalCycle
+action : String —
+id : String 2.° +cycle [*isMain: Boolean
< o |rorder : Integer
+functionalFeature h

Figure 3.14. Metamodel of Topological class diagram

Topological class diagram is based on ordinary UML class diagram — it is extended to
include topological relationships thus allowing to trace causality relations between problem
and solution domains. Additionally Topological class diagram is able to show functioning
cycles of a system (including the main functional cycle), input and output classes (e.qg., classes

which are communicating with the external environment). The presence of functional cycles
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allows classifying classes thus the classes participating in functional cycles can be marked and
highlighted in the solution.

To achieve above described goal a class TopologicalOperation is used instead of class
Operation thus allowing to relate two operations with topological relationship (similarly as
Association relationship relates at least two properties). Each operation specifies a cause and
an effect of it (the cause is specified by using attribute preAction and the effect is specified by
using attribute postAction). Attribute preAction leads to related topological relationship and
the attribute target of this relationship leads to pre-operation (the cause), while attribute
postAction leads to related topological relationship and the attribute source of this relationship
leads to post-operation (the effect). The topological relationship defines the causality within
Topological class diagram while association defines the structure of objects (more precisely
their specification — classes).

Each topological operation is related with functional feature that specifies it. This
relation allows establishing direct traceability between Topological functioning model and
Topological class diagram. Besides that relations in Topological class diagram are perceived

formally from problem domain.

3.3.4.3. Metamodel of Topological Use Case Diagram

Topological use case diagram extends ordinary UML Use case diagram by adding
topological relationship between actor and use case (i.e., between classes Actor and UseCase)
thus allowing to define actor for use case diagram directly from TFM by automatically
relating functional features with corresponding use case. Since both classes Actor and
UseCase are generalizations of class BehavioredClassifier, the source and target of
topological relationships (i.e., both ends of a binary relationship) is connected to the
BehavioredClassifier.

The metamodel of the Topological use case diagram is represented in Figure 3.15,
where classes with bolder lines show elements that are added to the metamodel of regular
UML Use case diagram.

Topological use case diagram allows development of use cases based on the functional
features and functionality they describe — functional features are mapped onto use cases. The
input and output functional features define communication with the external environment.
When functional features have been mapped onto use cases, the identification of actors is

performed. The actors in Topological use case diagram are entities from functional features.
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+source | BehavioredClassifier KJ}—— Actor

1 1 +target AN
0..1
<4 Classifier
TopologicalRelationship 0. +ownedUseCase )
o = 0..°| +subject
+id : String
+useCase
1 UseCase 0.°
. +includingCase
+useCase :
+extension 1
+extensionPoint| 0..° +extendedCase| 1 1 +addition
ExtensionPoint
0.:* +extend 0.*
+extension Locatiol - . 0.° +include
- Extend
+extend o Include

0..1
+condition

.A

Constraint

Figure 3.15. Metamodel of Topological use case diagram

Additionally «include» and «extend» relationships between use cases can be added
automatically by analyzing topological and logical relationships between the mapped
functional features. The scope of subsystems is defined formally by analyzing the functional
cycles within TFM. If more than one functioning cycle is found — subsystems are designed in
a way that each subsystem includes functionality of one functional cycle. Thus the
Topological use case diagram is developed in strong accordance with the functioning of the

problem and solution domains.

3.4. Summary

When extending UML it is needed to draw the scope of required extension: if the new
language will use most of the UML, then profiles are more suitable; and if the new language
uses only small part of UML or there is need to use more complex features of UML such as
redefinition, then creating a complete new language by using MOF metamodeling should be
considered. In fact, UML specification itself is defined using metamodeling approach (a
metamodel is used to specify the model that builds UML). One of the UML metamodel

principles is its extensibility. The most common and suitable way for improving UML is to

95



use its extensibility mechanisms — the profiles (in this scenario it is possible to adapt and use
ordinary UML compliant modeling tools). Thus, by creating a profile of UML, the costs of
adapting it in practice is lowered and it can be adapted faster (in comparison with creating a
new modeling language which leads to implementing new modeling tools).

Since the UML specification is a specification of a notation, it does not include any
guidelines for profile definition and specification, thus leading to current situation when UML
profiles are developed in inconsistent ways. This makes it hard to read and understand profiles
proposed and created by different authors. To overcome this issue a set of UML profiles are
analyzed resulting in profile specification template — the best practice for UML profile
specification is to use the same structure as used for UML specification. Thus, if the reader is
familiar with UML specification it is easier to read and understand the specification of
specific UML profile.

Development of UML profile provides a way to solve one of its disadvantages —
lacking causality. Addition of mathematical topology to the UML through TopUML profile
ensures that such profile has elements which are allowing to clearly trace causal relations in
both — problem and solution — domains. TopUML is a combination of UML and formalism of
TFM. The main aim of improving UML is by transferring topology and mathematical
formalism of TFM to UML. At first an analysis of the existing UML diagrams is performed,
which shows that extension should be provided for two UML diagrams: Class diagram and
Use case diagram. The definition of TopUML profile follows the identified specification
template. In addition TopUML profile is supplemented with mappings between its diagrams
and diagram elements thus showing transformation patterns between different diagram types.

While this chapter specifies TopUML profile thus giving tools to clearly trace cause-
and-effect relations in problem and solution domains, the next chapter defines a modeling
method for applying TopUML profile in practice. Together the TopUML profile and
modeling method solves issues and disadvantages related with UML and its application in

software development process.
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4. TOPUML MODELING - A METHOD FOR DESIGNING SOFTWARE

TopUML modeling for problem domain modeling and software systems designing is a
model-driven modeling method. It combines TFM and its formalism with elements and
diagrams of TopUML. The TFM considers problem domain information separate from the
solution domain information and holistically represents a complete functionality of the system
from the computation independent viewpoint while TopUML has elements for representing
system design at the platform independent viewpoint and platform specific viewpoint (in the
context of MDA). The TopUML modeling method covers modeling and specification of
systems in computation independent and platform independent viewpoints.

The application of TopUML modeling ensures proper analysis of system functioning
by identifying and analyzing functioning cycles. The functioning cycle is a common thing of
all system (technical, business, or biological) functioning. Therefore, it is stated that at least
one directed closed loop must be present in every TFM of system functioning [99]. It shows
the main functionality that has a vital importance in the system’s life (i.e., by destroying the
main functioning cycle the system can no longer function or it is seriously malfunctioning).
Usually the main functionality is even an expanded hierarchy of cycles [45]. Therefore, a
proper cycle analysis is necessary in the very beginning of software development lifecycle,
because it enables careful analysis of system’s operation and communication with the
environment [101]. By using TopUML the information of system functioning from TFM is
transferred to design models and diagrams thus allowing marking and evaluating the most
important objects and components within system and to assign proper responsibilities® to the
objects in a formal way.

Suggested transitions between TopUML diagrams are given in Figure 4.1, where the
diagrams are shown as object nodes and the edges between them as object flow within
Activity diagram. TopUML modeling does not include development of Profile, Timing and
Composite structure diagrams as the TFM shows timing within functioning of a system,
Component diagram specifies structure of components. Profile diagram is not addresses while
it is intended to specify a new profile of UML (not a software design). It is possible to
automate transitions between TopUML diagrams while the validation of the acquired
diagrams is needed by the domain experts. The development of TFM can be partly automated

as shown in [108] where the business use cases are transformed into TFM.

* Operations of a class are addressed as responsibilities of this class. Responsibilities answer to two questions:
“What to do?” and “How to do?”’; and they are assigned to classes of objects during the object design. [64]
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Figure 4.1. Transitions between TopUML diagrams

The TopUML diagrams that are used within TopUML modeling are listed in Table

4.1, where a development order of the diagram is given as well as the diagrams to which it

can be transformed or has information for development.

Table 4.1

Diagrams used within TopUML modeling method

No. Diagram Order| Information for Notes

type

1. Topological 1 Topological use | Initial TFM is developed by analyzing functional
Functioning case diagram, characteristics of the problem domain. The refinement of
Model Sequence diagram, | TFM includes adjusting TFM to the functional
Activity diagram, requirements of the desired software system since the
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No. Diagram Order| Information for Notes
type
Communication requirements can introduce new functionality to the
diagram, problem domain. By refining TFM the functional
State diagram requirements are validated, i.e., the TFM shows missing,
overlapping, conflicting, and incorrect requirements [5].

2. Topological 2 Sequence diagram, | The scope of use cases is set either by functional
use case Activity diagram, requirements or by system goals. The functionality
diagram Package diagram represented by each use case is obtained from the TFM

according to the mappings between functional features
and functional requirements.

3. Communica- 2 Topological class | Communication diagram is used as an intermediate model
tion diagram diagram between TFM and Topological class diagram. It is

developed by transforming TFM — the functional features
representing the same object type are merged and the
cause-and-effect relations become links between lifelines.

4. | Sequence 3 Interaction Sequence diagram shows the messaging between actors
diagram overview diagram and objects. Usually a set of Sequence diagrams is created

— one for each use case. Use case is used to set the scope
of Sequence diagram while TFM is used to set the
messages and their order.

5} Activity 3 Interaction Activity diagram shows the workflow of a use case.
diagram overview diagram Usually a set of Activity diagrams is created — one for

each use case. Use case is used to set the scope of Activity
diagram while TFM is used to set the action nodes and
edges.

6. Topological 3 Package diagram, Topological class diagram is used to represent a domain
class State diagram, model and a system design model. The key idea behind
diagram Object diagram domain model is a visual dictionary of abstractions. The

topological relations between classes show the causal
relations between entities in the problem and solution
domains.

7. Interaction 4 - Defines interactions through a variant of Activity diagram
overview in a way that promotes overview of the control flow.
diagram Interaction overview diagram focus on the overview of the

flow of control.

8. Object 4 - Object diagram can be developed during the refinement
diagram process of Topological class diagram when the

associations are analyzed. It is useful in situation when

object of one type plays more than one role at a time.
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No. Diagram Order| Information for Notes
type
Object diagram also can be used to provide examples of
system at a specific time
9. State 5 - State diagrams are used to show the state transitions of
diagram objects; one diagram is created for each object type.
10. | Package 6 Component Package diagram is used to organize and group classes
diagram diagram into logical structure — packages. Each package represents
a subsystem and groups a set of cohesive responsibilities
of classes.
11. | Component 7 Deployment Component diagram represents modular, deployable, and
diagram diagram replaceable parts of a system; one component is created
for each package.
12. | Deployment 8 - Component diagram shows how instances of components
diagram are deployed on instances of nodes. The content of

Deployment diagram is denoted by components and

nonfunctional requirements.

Problem domain analysis and software system design with TopUML modeling method

consists of following six activities as given below in Activity diagram in Figure 4.2:

o a k~ w N E

Behavior analysis and design,

Structure analysis and design,

Problem domain functioning analysis,

State change and transition analysis,
Structuring logical layout of design, and

Components and deployment design.

.ﬁ[ Problem domain functioning analysis}

.

[ Behavior analysis and design ]

N

[Structure analysis and design J

v

[State change and transition analysis}

[Structuring logical layout of design]

v

[ Components and deployment design %

Figure 4.2. TopUML modeling activities
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The activities of TopUML modeling within the software development project can be
applied in any order and only part of the activities can be used. There is one restriction —
inputs of each activity should be provided. TopUML modeling method is guidelines of
TopUML profile application in software development; it does not restrict the use and
application of TopUML diagrams. Each modeling activity in detail is described in the
following subsections, where the inputs, outputs and included subactivities and actions of the
main activity are given. TopUML modeling process in detail is described with a set of activity

diagrams followed by description in a natural language.

4.1. Problem Domain Functioning Analysis

TFM development consists of three activities (see Figure 4.3, where “Mappings*”
denotes the mappings between functional features and functional requirements):

1. Topological space development,

2. Initial TFM development, and

3. TFM refinement.

The inputs of problem domain functioning analysis activity are functioning description
and functional requirements. Functioning description can be in any form; it needs to cover full

description of problem domain functioning.

GFM development

Functioning To;;oplaogetcal
description Topological space : Initial TFM
development Topological development
space
Functioning pa TFM
description TFM (as-is) I
TFM (as-is) —
Mappings*®
Functional
requirements |
TEM refi Refined
refinement Mappings* functional
Functional requirements requirements
Refined functional
o requirements

Figure 4.3. Topological Functioning Model development activities
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Output of this activity is TFM (both the one representing functioning of problem
domain and the one representing functionality of desired software system), mappings between
functional features and functional requirements, and refined functional features.

The TFM development activities in detail are described in the subsequent three

subsections (each subsection describes one activity).

4.1.1. Topological Space Development

Topological space development consists of two actions (see Figure 4.4):

1. Definition of physical or business functional characteristics, and

2. Introduction of topology ©.

The input of this activity is functioning description of the system. Functioning
description can be in different formats, e.g., informal structured textual description [99],

business use cases (discussed in [112]).

Definition of physical or
business functional Introduction of topology
characteristics

Figure 4.4. Development of topological space

Definition of physical or business functional characteristics consists of the
following activities [5]:

1. Definition of objects and their properties from the problem domain description;

2. ldentification of external systems and partially-dependent systems; and

3. Definition of functional features using verb analysis in the problem domain

description, i.e., by finding meaningful verbs.

As a result a set of functional features Xiq are defined. At the lowest abstraction level
one functional feature should describe only one atomic business action (it cannot be further
divided into a set of business actions) [27]. By using the topological characteristic continuous
mapping of TFM, the abstraction level of functional features can be changed at any time when
needed (e.g., the initial TFM can be detailed out by lowering the abstraction level of
functional features thus showing more or less detailed description of problem domain

functioning). Each functional feature is a unique tuple as shown by equation (4) on page 88.
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Introduction of topology @ (in other words — creation of topological space) means
establishing cause-and-effect (topological) relations Ty between identified functional features.
Topological relations are represented as arcs of a directed graph that are oriented from a cause
vertex to an effect vertex, where each vertex is a functional feature. Topological space Z is a
system represented by equation (2) on page 87, where N is a set of inner system functional
features and M is a set of external functional features (i.e., the external functional features
show links and communication with the external environment). Topological space represents
the system under consideration together with the environment in which this system exists.

Output of this activity is a set of functional features and a set of topological (cause-
and-effect) relationships between them. Together they make topological space of the system

under consideration.

4.1.2. Initial Topological Functioning Model Development

Initial TFM development involves completion of two actions (see Figure 4.5).

Separation of TFM from Identification of logical
topological space relations

Figure 4.5. Development of initial TFM

The input of this activity is topological space.

Separation of TFM from topological space is done by applying the closure
operation as shown by equation (3) on page 87 over a set of system’s inner functional features
(the set N), where Xn is an adherence point of the set N and capacity of X is the number n of
adherence points of N. Initial TFM can be called “TFM as-is” where “as-is” means that the
TFM represents the functioning of the problem domain without the impact of planned
software system. Construction of initial TFM can be iterative. Iterations are needed if the
information collected for TFM development is incomplete or inconsistent or there have been
introduced changes in system functioning or in software requirements.

Identification of logical relations between topological relationships consists of two
steps since there are two kinds of logical relationships Ly — one kind is between arcs that are
outgoing from functional features Xiq and the other kind is between arcs that are incoming to

functional features Xiq. The logical relationships between outgoing arcs are denoted with Loy
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and the logical relationships between incoming arcs — Li,, thus the identification of logical
relations between cause-and-effect (i.e., topological) relationships consists of two subactions:

1. ldentification of logical relations L between topological relationships Tig that are

outgoing from functional feature Xiq4 (See section 4.1.2.1), and

2. ldentification of logical relations L;, between topological relationships Ti4 that are

incoming to functional feature X4 (See section 4.1.2.2).

Within TFM can be defined three types of logical relations Liq: conjunction (and),
disjunction (or), and exclusive disjunction (xor). Within each logical relation Ly participate
two or more topological relationships Tiq. The following two subsections cover the
identification of logical relations Loy and Liy.

Output of this activity is initial TFM representing the functioning of the business

system.

4.1.2.1. Identification of Logical Relations between Outgoing Topological Relationships

Logical relations Lo, between topological relationships that are outgoing from
functional feature indicate necessity of decision making or branching. In the case of making
decision only part of effect functional features is executed, but in the case of branching all of
the effect functional features are executed (i.e., system performs parallel processing). [25]

Depending on the relationship type Rt of logical relation Ly, System execution
behavior is defined as follows:

e Conjunction (AND) — system is running in parallel by executing all effect

functional features of topological relationships participating in this logical relation,

e Disjunction (OR) — system can be running in parallel by executing one, part of or

all effect functional features of topological relationships participating in this
logical relation, and

e Exclusive disjunction (XOR) — only one effect functional feature of topological

relationships participating in this logical relation is executed.

The algorithm of identifying logical relations Lo, between outgoing arcs of functional
features is given in Figure 4.6 while the rules for identification of logical relation Ly, type
and patterns for transforming TFM into Activity diagram are given in Table 4.2, where Rt

denotes relation type, X, — effect functional features, and Ciq — preconditions of X.
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H Fill set Xc with functional features that has more than one descendant in TFM]

- g

(Select effect functional features Xe of feature Xc[i] which have opposite precondmons)

[two or more functional features )& [else]
with opposite preconditions]{

Between topological

( Add logical relation with type XOR } ————— relationships connecting effect
features Xe with cause feature

U Xcji]
[Unify selected functional features Xe}_

in temporal functional feature Xet

L

--1 Functional feature Xet
without preconditions

\// ‘ Cxe1 # Cxe2 & Cxe1 # =Cxez A

[Select effect functional features Xe of feature Xc[i] which have different preconditionsj

[two or more functional features )& [else]
with different preconditionslf

Between topological relationships

[Add logical relation with type OR } ,,,,, connecting effect features Xe with
T cause feature Xcfi]

Unify selected functional features Xe | | \'/:vlijtﬂcn?na:l fea:]tgirt? )rfet %
in temporal functional feature Xet out preco ons

C
b

[Select effect functional features Xe and Xet of feature Xc[i] which have no preconditions}

[two or more functional features )K [else]
without preconditions]f

Between topological

. . D relationships connecting
[Add logical relation with type AND} effect features Xe and Xet
V with cause feature Xc[i]

Unify selected functional features Xe and Xet | | Functional feature Xet
in temporal functional feature Xet without preconditions %

[two or more effect functional \// [else]
features Xe and/or Xet] V
Between topological
[ Add logical relation with type OR } relationships connecting
C effect features Xe and Xet
[any of effect features Xe X with cause feature Xcf[i]

are temporal features Xet]v(

[Split temporal features Xet and add Iogical] [else]

relations with the same relation type
L

[all functinal features in

[else] set Xc are analyzed] @

Figure 4.6. Identification of logical relations Lo, between outgoing topological relationships
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Table 4.2
Rules for identification of logical relations Lo, and patterns for transforming TFM into

Activity diagram

Rt Xe Ci Example of Ly Pattern of Activity diagram
Xel @ @
AND (x.JanD
X2 | @
Xel Cl
Ci#GC @ [C,] [C]
OR & (xx]o

R
Kez C Ci#7C, Cj

[C]

XOR C,="C, (x [ x0r

Xeo C, [C]

The analysis of logical relations Loy is critical when transforming TFM into other
diagram types, while these relations contain information about decision making, parallel
execution, and branching. Thus, by using TFM and logical relations Liq it is possible to build
advanced diagrams of other type (e.g., Activity and Topological use case diagrams). This is in
opposition to the opinion in [7] that TFM contains information sufficient to create only basic

Activity diagrams (i.e., without forking, joining, and decisions).

4.1.2.2. Identification of Logical Relations between Incoming Topological Relationships

Logical relations L;, between topological relationships that are incoming to functional
feature indicate that there is decision or branching made before the effect functional feature. If
there was branching before the effect functional feature, then before executing this functional
feature there should be joining and system can continue its execution only after all arcs are
joined [25]. This reflects the mathematical foundations of Petri nets [21]. Depending on the
relation type of logical relation L, system execution behavior is defined as follows:

e Conjunction (AND) — system is executing in parallel thus effect functional feature

Xe can be executed only when all direct predecessor functional features (i.e., all
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cause functional features X in the distance d=1) of topological relationships T;
participating in logical relation Liq4 are executed,
¢ Disjunction (OR) — system can be executing in parallel by executing one, part of or
all cause functional features X. of effect functional feature X, at the distance d=1
of topological relationships T; participating in this logical relation, and
e Exclusive disjunction (XOR) — only one cause functional feature X. of effect
functional feature X, at the distance d=1 of topological relationships Tig
participating in this logical relation Liq is executed.
Relation type of logical relations L;, is denoted by corresponding logical relation Loy
(for relationships which are branched within TFM) and by the pre- and post-conditions (for
the relationships that come from the inputs of TFM). The rules for identification of logical
relations Li, between incoming arcs of functional features are given in Table 4.3, where Rt
denotes relation type, Loy — logical relations between outgoing arcs, and L, — logical relations

between incoming arcs.

Table 4.3

Rules for identification of logical relations L, between outgoing arcs

Rt AND OR XOR

Scl)_urce @ ‘ AN
out

&)

Corresponding @ @ @

o % > %

The algorithm for identification of logical relations Lj, between incoming arcs of
functional features is given in Figure 4.7. To find required functional features within TFM,
graph traversing algorithms are used (e.g., backtracking algorithm [71]). The identification
process of logical relations L, is different from the identification process of logical relations
Loust. The main difference is in the fact that logical relations L, are added according to the
existing logical relations Lo, and pre- and post- conditions of functional features, while
logical relations Loy are added by taking into account only pre- conditions of functional

features.
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HFiII set X'e with functional features that has more than one predecessor in TFMJ

‘ number of predecessors B,

Select functional features Xe from set X'e which has p predecessors]

from which it is possible to reach

/ selected effect functional feature Xe

p'=p Only those descendants are counted ﬁ

1
|
|

O
(Find first predecessor (cause) functional feature Xc which has p' or more descendants]

[functional feature Xf with )&[functional feature Xc with p' descendants found]
unctional feature Xf wi

descendants >1 and <p is found]

[has no logical

[has logical |
relations Lout]

pXf is count of descendants %
relationship Lout]

for functional feature Xf

Add logical relation depending
on preconditions and postconditions
of functional features Xc and Xe

P o a1 pxf

Transfer logical relation Lout from
feature Xf to its descendant feature Xe ¢,

\y I { Transfer logical relation Lout from }

feature Xc to its descendant feature Xe
Add temporal feature Xet and \, o
L[temporal topological relationship Tt} |
l\, The new logical
Merge functional features Xi relation uses the
which are between Xf and Xe same topological
into one by creating temporal relations as its
functional feature Xet and source Lid
temporal topological [else] J
relationship Tt which relates [has features Xet between
Xet with Xe. features Xc and Xe]

relations with the same relation type

J

{Split temporal features Xet and add Iogical}

£ Remove Xe from set X'e

@ [set X'e contains functional features] [else] @
p=p+

Figure 4.7. Identification of logical relations between incoming topological relationships

Logical relations L, contain important information when transforming TFM into other
diagram types, e.g., Activity diagram. Depending on the type of logical relation L;, in the
Activity diagram join (Rt = AND) and decision making should be created (Rt = OR or XOR).
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4.1.3. Refining Topological Functioning Model

TFM refinement process consists of following steps (see Figure 4.8):
1. Mapping functional features on functional requirements,

2. Checking for missing and incomplete functional requirements,

3. Checking for missing functional features, and
4

Searching for overlapping functional requirements.

Functional requirements Topological functioning model

3 Check missing functional features
Map functional features on
functional requirements [has missing
\l/ [else] functional features]
Check missing functional N
requirements

Add missing functional
features

[missing requirements
found]

Add missing functional
requirements Ejpda[e rnappings)
Update mappings
Ve
Check overlapping l T
functional requirements

2SS
Update initial TFM

[else]

N

[overiapping requirements found] X [else]
N

Refine functional
requirements

Update mappings N

Figure 4.8. TFM refinement process

The input of this activity is initial TFM and functional requirements.
By mapping functional features on functional requirements the latter are validated
in conformance with the constructed TFM. Functional features specify functionality that

exists in the problem domain, but requirements specify functionality that should exist in the
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solution domain. Therefore it is possible to make mappings between requirements and
functional features of the TFM. As a result of requirements validation, both TFM and
requirements are checked. In [100] it is suggested to represent requirement mappings between
functional requirements and functional features by using arrow predicates. An arrow predicate
IS a construct in universal categorical logic. Universal categorical (arrow diagram) logic for
computer science is explored in detail in [23].

There are five types of mappings and corresponding arrow predicates defined for
mapping requirements onto TFM [5]:

1. One to One: one requirement completely specifies what will be implemented in
accordance with one functional feature,

2. Many to One: set of requirements overlap the specification of what will be
implemented in accordance with one functional feature,

3. One to Many: one requirement incompletely specifies some functional feature, or
one requirement completely specifies several functional features. It can be so
because of one of the following reasons:

a. the requirement joins several requirements and can be split up, or
b. functional features are more detailed than the functional requirements,

4. One to Zero: One requirement specifies some new or undefined functionality. In
this particular case it is necessary to define possible changes in the problem
domain functioning, and

5. Zero to One: Specification does not contain any requirement corresponding to the
defined functional feature. This means that it could be a missing requirement.

Graphical representations of arrow predicates are given below in Table 4.4.

Table 4.4
Arrow predicates used to map functional features with functional requirements [100]
No. Type Description Graphical representation
1. Inclusion predicate is used if the functional
One to One requi-rement A com_pletely specifies what will
be implemented in accordance with the
functional feature B
2. Covering predicate is used if functional

requirements A, A, ..., A, overlap the
Many to One | specification of what will be implemented in

accordance with the functional feature B
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No.

Type Description Graphical representation

Disjoint (component) predicate is used if
functional requirements A;, A, ..., A,
together completely specify the functional

feature B and do not overlap each other

One to Many

Projection is used if some part of the

functional requirement A  incompletely @

specifies some functional feature B

Separating family of functions is used if one
functional requirement A completely specifies

several functional features B;,...,B,

The mappings between functional features and functional requirements allow to:

Check for missing requirements — presence of One to many (with Projection
predicate) or Zero to one mapping type indicates that requirements do not cover
the full functionality of the problem domain. Missing functional requirements
should be added or existing ones extended and mappings should be updated in
order to cover main functional cycle of the problem domain.

Check for missing functional features — if at least one mapping with type One to
zero exists, it indicates that the functional requirements introduce new
functionality to the problem domain. Missing functional features and cause-and-
effect relationships should be defined and mappings should be updated.

Identify overlapping functional requirements — presence of Many to one (with
Covering predicate) mapping type or if there existence of more than one functional
requirement with more than one mapping type associated with some functional
feature indicates that a number of functional requirements define functionality that

will be implemented by the same functional feature.

Output of this activity is refined TFM representing the functionality of the desired

software system (refined TFM can be addressed as “TFM to-be”), mappings between

functional features and functional requirements, and refined functional requirements.
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4.2. Behavior Analysis and Design

System behavior analysis and design consists of following four activities (see Figure
4.9, where “Mappings*” denotes the mappings between functional features and functional
requirements):

1. Use case analysis,

2. Messages and their sequence analysis,

3. Workflows analysis, and

4. Workflows and messaging analysis.

The input of this activity is refined functional requirements, refined TFM and
mappings between functional features and functional requirements. Output of this activity is
subsystems, use cases and actors (Topological use case diagram), messages and their
sequence (Sequence diagram), and workflows (Activity and Interaction overview diagram).
The system behavior analysis and design activities in detail are described in the subsequent

four subsections (each subsection describes one activity).

System behavior analysis and design w
Refined functional
requirements Subsystems Subsystems
Refined > O
functional se Case diagram I
requirements TFM Use Case Use Cases and
analysis Sequence actors
Messages and their iagrams [
and actors sequence analysis Messages and
Mappings® their sequences
. Messages and
appings their sequences
Use
case v
TFM (refined) Workflows and Workflows
messaging
analysis —
nteraction
Workflows analysis ariew
Mappings i orkflows diagrams
=
\o Mappings Activity diagrams J

Figure 4.9. Process of system behavior analysis and design

4.2.1. Use Case Analysis and Design

Use case analysis and design consists of following four actions (see Figure 4.10):
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Identification of use cases and actors,
Mapping functional features onto use cases,

Identification of use cases and actors, and

> w0

Establishing relationships between use cases.

Mapping
functional
features onto use
cases

Identifying
relationships
between use
cases

Identifying use
cases

Identifying
actors

Figure 4.10. Use case development process

The input of this activity is refined functional requirements, TFM (refined) and
mappings between functional features and functional requirements.

Identification of use cases is performed by creating one use case for each
requirement. The alternative is to use system goals which are identified by the problem
domain experts. If system goals need to be identified during problem domain analysis a
TFMfMDA approach can be used [100]. TFMfMDA uses goals [66] in order to identify use
cases and concepts from the description of the system (in the form of informal description,
expert interviewing, etc.). The next step is to map functional features onto use cases
according to mappings between functional features and functional requirements by expert.
The expert finds an input and an output functional feature for each use case — all functional
features that correspond to particular use case should be in one chain. When functional
features have been mapped onto use cases, the identification of actors is performed. Since
actors in Use case diagram show interaction between system and external systems or entities
[89], they are obtained from topological space. The actors are entities from functional features
and the set of actors are identified by Equation (8), where E is a set of functional features
defining external entities, X is a set of functional features belonging to TFM, and M is a set of

functional features of other systems. [29]

E=X\M (8)

The cause and effect relation between one functional feature belonging to set E and
the other to set X defines topological relationship between use case and actor, since all use

cases are mapped to functional features.
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The final action is to establish relationships between use cases according to
mappings between functional features and them. According to these mappings «include» and
«extendy relationships can be automatically established between use cases by analyzing
logical relations Loy between topological relationships. Logical relations should be analyzed
for the first predecessor functional feature (which has two or more descendants, but within the
scope of predecessor use case) of the use case’s input functional features:

e The «includey relationship is added in two cases:

1. No branching for the predecessor functional features, and
2. Logical relation Loy with type AND.
e The «extendy relationship is denoted by presence of logical relation Lo, with type
OR and XOR on the topological relationships outgoing from functional feature.

The example of adding relationships between actors and use cases and between use
cases themselves is illustrated in section 5.2 on page 151 which shows the TopUML
approbation in the context of enterprise data synchronization system development.

The designed Use case diagram is supplemented with the information of subsystems.
The scope of subsystems is determined by analyzing functional cycles within TFM —
subsystems are extracted from TFM by applying closuring operation on the set of functional
features belonging to a particular functioning cycle.

Output of this activity is use case diagram showing use cases, actors, relationships
between them, and subsystems. In the context of B.O.O.M. [112] this Use case diagram is

addressed as system use cases.

4.2.2. Messages of Objects and their Sequence Analysis and Design

Analysis and design of messaging between objects consists of three actions (see
Figure 4.11) in which one Sequence diagram is developed for each use case:

1. Setting scope of sequence diagram,

2. Adding actors, and

3. Establishing messages between objects and their sequence.

Setting scope of
sequence
diagram

Establishing
messages and their
sequence

Adding actors

Figure 4.11. Acquisition of Sequence diagram
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The input of this activity is use cases, TFM, and mappings between functional
features and functional requirements.

Scope of each Sequence diagram is set by the scope of corresponding use case (i.e.,
the Sequence diagram contains the description of the same functionality that is included into
corresponding use case). Actors are added to Sequence diagrams directly from the
corresponding use case. The TFM and mappings allows establishing objects with lifelines
(merged functional features), messages they send each other (cause-and-effect relationships).
If one use case has included another use case (e.g., A includes B), then the sequence diagram
for use case A should include interaction use (ref) for the sequence diagram of use case B.

Messages between objects and their sequence are established by transforming part
of TFM according to the scope of the corresponding use case. During TFM transformation all
vertices with the same type of objects should be merged. While merging these vertices all
topological relations between them are kept. The cause-and-effect relations from TFM serve
as message sending between objects. The interaction operators are added by taking into
consideration logical relations Loy

e alt—added for logical relations Ly with type OR and XOR,

e opt—added for logical relations Lo, with type OR, and

e par —added for logical relations Loy with type AND.

In the case of adding interaction operators alt and opt their guards are set as the

preconditions of the corresponding effect functional feature.

|
5 |
|
|

Figure 4.12. Mappings between elements of TFM and Sequence diagram
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An example showing TFM to Sequence diagram transformation is given in Figure
4.12, where on the left side is given fragment of TFM and on the right side — fragment of
Sequence diagram (the dashed arrows from TFM to Sequence diagram shows corresponding
elements of TFM in the Sequence diagram). The output of messages of objects and their
sequence analysis and design activity is Sequence diagram for each use case showing the
objects and message sending between them.

4.2.3. Workflow Analysis and Design

Analysis and design of workflows consists of three actions (see Figure 4.13) in which
one Activity diagram is developed for each Use case:

1. Setting scope of activity diagram,

2. Adding actions, and

3. Establishing control flow and logic.

Establishing
control flow and
logic

Setting scope of
activity diagram

Adding actions

Figure 4.13. Acquisition of Activity diagram

The input of this activity is use cases, TFM, and mappings between functional
features and functional requirements.

Scope of each Activity diagram is set by the scope of corresponding Use case (i.e.,
the Activity diagram contains the description of the same functionality that is included into
corresponding use case). The TFM and mappings allows establishing actions and the
control flow between actions — functional features are transformed into action nodes and
topological relationships into activity edges. The logic of control flow (i.e., decision, merge,
fork, and join) is defined in accordance with the logical relations Lout within TFM as shown
in the Activity diagram pattern in Table 4.2 on page 106. An example showing TFM to
Activity diagram transformation is given in Figure 4.15, where on the upper side is given
fragment of TFM and on the lower side — fragment of Activity diagram (the dashed arrows
from TFM to Activity diagram shows corresponding elements of TFM in the Activity

diagram).
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Figure 4.14. Example of TFM to Activity diagram transformation

The output of this activity is Activity diagram for each use case representing its

workflow.

4.2.4. Workflows and Messaging Design

The input of this activity is Activity diagrams (representing the workflow of use case)
and Sequence diagrams (showing the objects and messages they send each other).

The workflow and messaging design together is represented with interaction overview
diagram which define interactions through a variant of Activity diagram in a way that
promotes overview of the control flow. Interaction overview diagram focus on the overview
of the flow of control where the nodes are of type Interaction or InteractionUse. The lifelines
and the messages do not appear at this overview level. [89]

The Interaction overview diagrams are developed by merging created Activity
diagrams and Sequence diagrams. While the first one gives the information about control
flow, the latter shows objects and messaging between them. The obtained diagram can be
helpful in order to better understand the overall process of system and the control flow
relations between Sequence diagrams.

As output a set of Interaction overview diagrams are created.
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4.3. Structure Analysis and Design

Domain model analysis and design is based on the Topological class diagram and
consists of the following activities (see Figure 4.15):

1. Analysis of objects structure and communication,

2. Domain model development, and additionally

3. Modeling snapshots of the system.

The input of this activity is refined TFM and the output of this activity is the domain
model in the form of Topological class diagram, Communication diagram, and Object
diagram. The Object diagram is developed as an additional artifact when analyzing
relationships between classes; it is advised to draw object diagram when one type of objects

plays more than one role in the system [112].

/Domaln Model Analysis and Design \

Classes and thei
relationships

Object
diagrams

TFM Analysis of objects
structure and
communication

Modeling snapshots of
the system

Communication
TFM (refined) diagram

Objects structure and their

communication b ——
specification OMENR Mate Domain model

development
L‘ Topological
Attributes of objects class diagram

Figure 4.15. Development of domain model

The domain model analysis and design activities in detail are described in the
subsequent subsections (each subsection describes one activity). Additional subsection is

designated for initial Topological class diagram refinement.

4.3.1. Analysis of Objects and their Communication

Analysis of objects and their communication is based on the TFM transformation into
Communication diagram. When transforming TFM into Communication diagram the

following TFM elements are used:
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e Functional features — source for lifeline identification and message sending from
object to object,

e Topological relationships — from which lifeline to which lifeline the message is
sent and the message sending sequence, and

e Logical relations — message sending concurrency.

The development process of Communication diagram is given in Figure 4.16).

H Checking TFM }

[one functional feature uses )K [else]
more than one object type]

[ Detailing functional features ]

v

[ Updating mappings

[ Merging objects of the same type}

[ Establishing messages and their order %

Figure 4.16. Development of Communication diagram

The input of this activity is refined TFM.

In order to obtain a Communication diagram, it is necessary to check if each
functional feature of the TFM reflects only one type of object. If some of functional feature
reflects more than one type of object then it is needed to decompose it to the level where one
functional feature uses only one type of objects. If TFM has been successfully checked it can
be transformed into Communication diagram. The first step in transformation is to merge
functional features with objects of the same type in one lifeline (the lifeline represents the
class attribute of the functional feature). While merging functional features into lifelines the
relationships with other lifelines should be retained (if there is more than one topological
relationship then only one link is added between lifelines). The count of topological
relationships between merged functional features denotes the count of messages sent between
lifelines represented by those functional features. Messages can be obtained from functional
features because one functional feature represents one atomic business action. The message
that is sent to a lifeline is an operation attribute of the functional feature (e.g., if functional
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feature B is descendant of functional feature A, then in Communication diagram the lifeline
representing A sends a message to lifeline representing B and this message is the value of
operation attribute of B). Actors to Communication diagram are added from the input
functional features — value of the entity attribute is used.

For a better understanding of TFM to Communication diagram transformation, a small
fragment of TFM consisting of two functional features A and B is used (see Figure 4.17),
where A is an input functional feature of TFM.

An example showing TFM to Communication diagram transformation is given in
Figure 4.17, where on the upper side is given fragment of TFM and on the lower side —
fragment of Communication diagram (the dashed arrows from TFM to Communication
diagram shows corresponding elements of TFM in the Communication diagram). Fragment of

TFM consists of two functional features A and B, where A is an input functional feature.
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Figure 4.17. Example of TFM to Communication diagram transformation

As output of this activity the partial domain model in the form of Communication
diagram is created.

4.3.2. Domain Model Development by Means of Topological Class Diagram

Domain model development by means of Topological class diagram consists of four
activities (see Figure 4.18):

1. Adding classes and operations,

2. Adding topological relationships between classes,
3. Identifying attributes, and
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4. Refining initial Topological class diagram (this activity is covered in next
subsection — 4.3.3 on page 122).
The input of this activity is refined TFM and Communication diagram, while the

output is a domain model in the form of Topological class diagram.

Adding
classes and
operations

Adding topological
relationships
between classes

Refining initial
topological class
diagram

Identifying
attributes

Figure 4.18. Development of topological class diagram

At first the Communication diagram is used for adding classes and operations to the
Topological class diagram — lifelines are transformed into classes and messages into
operations. The next step is adding topological relationships between classes. Since the
notation of Topological class diagram allows variations of topological relationship graphical
representation, it is advised to draw only one directed arrow in the same direction between
classes (the arrow will show the cause and the effect operations). The example of
Communication to Topological class diagram transformation is given below in Figure 4.19,
where on the upper side is given fragment of Communication diagram and on the lower side —

fragment of Topological class diagram.

1:Authorize 2:ProvideToClerk 3:CheckOrderStatus
———= | lientRegister — :receipt — :ordersList
Clerk
ClientRegister Receipt OrderslList
EEEE— EEE—
+Authorize() +ProvideToClerk() +CheckOrderStatus()

Figure 4.19. Example of Communication to Topological class diagram transformation

After the classes and topological relationships between them have been established the
next step is identification of attributes. This can be achieved by taking into consideration
attributes of the object represented by functional feature. If the functional feature is well
specified the class attribute of it is determined. If the class attribute is not determined, it can

be specified in several ways (e.g., by analyzing functioning description of the system and
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searching nouns that represents attributes of the object [29], performing expert interviews
[112], or by using ontology [133]).

By transforming Communication diagram an initial Topological class diagram is
obtained (with attributes, operations, and topological relations between classes). A topological
relation shows the control flow within the system. If static relations should be included (such
as associations, generalization, etc.) then initial topological class diagram should be refined.
The refinement process of initial Topological class diagram is described in the next

subsection.

4.3.3. Refinement of Topological Class Diagram

The refinement of Topological class diagrams is aimed to lower abstraction level of it.
By lowering abstraction level the diagram gets additional information which is needed during
the software development and later also during its maintenance. The refinement process
consists of six actions [31] (see Figure 4.20):
1. ldentify generalizations (basing on topological relationships, attributes, operations,
and responsibilities),
2. Define interfaces (both provided and required),
3. Identify structural relationships between classes (aggregations, compositions, and
associations),
4. ldentify enumerations,
5. Check for additional relationships (such as dependencies and realizations), and

6. Revise topological class structure.

Identifying structural
relationships
between classes

Identifying
generalizations

Defining
interfaces

Checking for Revisin
Identifying o 9 - 9
2 additional topological class
enumerations 3 s
relationships structure

Figure 4.20. Refinement process of topological class diagram
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The actions of refinement process are described in detail in the subsequent
subsections. As a result of applying refinement process, a rich Topological class diagram with

lower abstraction level is obtained.

4.3.3.1. Identifying Generalizations

A generalization is a relationship between a general kind of thing (called the
superclass or parent) and a more specific kind of thing (called the subclass or child).
Generalization sometimes is called an “is-a-kind-of” relationship. If subclass has one
superclass then it is single inheritance. If subclass has two or more superclasses then it is

multiple inheritance. [15]

a) | LinenRegistrationForm | b)
* Document
. - +UniquelD 4—\—' LinenRegistrationForm
Invoice Receipt +Price AN
+UniquelD +UniquelD +lssueDate A
+Price +DueDate +Create() \
+lssueDate +Prlr§e +Issue() Topological
+PaymentDate | [-Weight relationsips
+Create() +IssueDate 4
+Issue() +Create() | | ,
+Pay() +lssue() Invoice Receipt :
+ProvideToClerk() +PaymentDate +DueDate !
+Pay() -Weight
OrdersList +ProvideToClerk()

Figure 4.21. Initial topological classes (a) and generalized topological classes (b) showing
topological and generalization relationships between them

The generalizations can be identified in two ways. The first way is to review initial
topological classes which are obtained from the TFM. To find a generalization you need to
look for the same responsibilities, topological relationships, attributes, and operations that are
common to two or more classes. The set of common responsibilities, topological
relationships, attributes, and operations can be elevated to a more general class. If this general
class does not exist it can be created. Since topological relationships define control flow
within system, by introducing general classes and generalization relationships it is possible
that the more general class is placed at the end of topological relationship and the more
specific class is placed at the beginning of topological relationship (see Figure 4.21). In order

to help identifying generalizations, during the review process of initial topological classes, an
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additional attention can be paid on anywhere where the initial topological classes indicates
that there is more than one “kind of” thing (for example, two kinds of documents (see Figure
4.21b). This indicates a possible generalization.

The second way is by doing additional interviews with stakeholders. During the
interviews the interviewees are asked if any of the classes are variations on others [112]. By
applying both ways in generalization identification a more formal (by reviewing initial
topological classes) and less formal (by making interviews) approaches are used. The
reviewing process is more formal because it is based on sets of already existing information.
Reviewing and introduction of generalization relationships (together with superclasses) can be
automated. By using together reviewing and interviewing an additional model checking gets

performed.

4.3.3.2. Defining Interfaces for Collaboration with Environment

An interface is a collection of operations that are used to specify a service of a class or
a component. Graphically, an interface may be rendered as a stereotyped class in order to
expose its operations and other properties. Interfaces may also be used to specify a contract
for a use case or subsystem. [88]

A line around the topological class diagram which is obtained by applying
transformations on the TFM can be drawn, thus showing the boundary of the system under
consideration. The next step is to identify the operations and the signals that cross this
boundary. These operations and signals can be found by analyzing both the TFM and the
topological space of the system (the TFM shows the functioning of the system, but
topological space shows the system within the (surrounding) environment). This analysis
shows the inputs and outputs of the system. The input functional features within TFM indicate
the provided interfaces, but the output functional features indicate the required interfaces.
Required (imported) interfaces are modeled by using dependency relationships, and provided
(exported) interfaces are modeled by using realization relationships. An example of showing
analysis of TFM and topological space and the resulting interfaces is given in Figure 4.22,
where in the middle is given fragment of TFM and on the sides — fragment of Topological
class diagram (the dashed arrows from TFM to Topological class diagram shows

corresponding elements of TFM in the Topological class diagram).
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Figure 4.22. Fragment of topological space and examples of provided and required interfaces

By using the guidelines given in [15] it is possible to model interfaces within the
system as a seams between different parts of the system.

4.3.3.3. Identifying Structural Relationships

The identification of physical relationships between entities involved in the system
consists of three steps. At first it is needed to check and find the whole and part relationships
— aggregations and compositions.

Aggregation is a “has a” relationship meaning that an object of the whole has objects
of the part. [41] If objects are related with an aggregation then by destroying the object of the
whole, the objects of the part is not destroyed. Aggregation is a special kind of association.
According to guidelines given in [112], aggregation can be placed between objects if a part
object can belong to more than one whole object and the part continues to exist when the
whole is destroyed. Words that suggest aggregation include “collection”, “list”, and “group”.

Composition is a form of aggregation, with strong ownership and coincident lifetime
as part of the whole. Parts with non-fixed multiplicity may be created after the composite
itself, but once created they live and die with it. This means that, in a composite aggregation,
an object may be a part of only one composite at a time and by destroying whole, the parts are
destroyed with it [41]. According to guidelines given in [112], composition can be placed
between objects if a part is totally “owned” by the whole and the part ceases to exist when the
whole is destroyed. Words that suggest composition include “composed of”” and “component”.

After identification of aggregations and compositions, the next step is identification of

associations between classes. An association is a structural relationship that specifies that
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objects of one thing are connected to objects of another. Given an association connecting two
classes, it is possible to relate objects of one class to objects of the other class [88]. According
to guidelines given in [15], associations can be placed between objects if it is needed to
navigate from objects of one type to objects of another. This is a data-driven view of

associations.

4.3.3.4. Identifying Enumerations

An enumeration is a data type whose values are enumerated in the model as
enumeration literals [88]. Enumeration is a kind of data type, whose instances may be any of a
number of user-defined enumeration literals. An enumeration may be shown using the
classifier notation (a rectangle) with the keyword «enumerationy.

The enumeration within a system can be found in two ways. The first way is to review
initial topological classes which are obtained from the TFM of the system under
consideration. To find enumerations at first you need to look for attributes which can contain
only a restricted set of values. In the context of the laundry system, an example of the
restricted set of values is the requested washing type. The second thing is to search for objects
which can change its state value during its lifetime. In the context of the laundry system, an
example of such object is washing request. The washing request can have different states, for
example, new, registered, in washing, completed, paid. The second way is by doing additional
interviews with stakeholders. During the interviews the interviewees are asked if any of the
attributes has only limited list of allowed values or if there exist a states of things involved
into system. If such lists of values or states exist, then enumerations should be defined for

each such list. An example of identified enumerations is given in Figure 4.23.

: LinenRegistrationForm

«enumeration»

LinenTypes +Weight
+Coverall +WashRequirements
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+Underwear . +Price

+LinenType .
+Suit yp +UniquelD
+Bedspread +PONumber
+Washed

Figure 4.23. Example of identified enumeration in linen registration form
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4.3.3.5. Revising Topological Class Structure

The final step in topological class diagram refinement is the revising of topological

class structure. The revising of topological class structure should be done using fol-lowing

guidelines (revising guidelines for generalizations are based on guidelines given in [112]):

1.

Any classes that have the same topological relationships or associations to other
classes should be identified. If such classes exist, a decision of adding additional
generalized class should be made. If generalized class is added, then common
topological relationships and associations should be moved to it.
Any classes that have the same attributes or operations as other classes should be
identified. If such classes exist, a decision of adding additional generalized class
that will contain common attributes and operations should be made.
Every generalized class in the topological class diagram should be justified. The
point of introducing a generalized class is to provide a convenient, single place to
put rules that affect a number of specialized classes. There should be at least one
attribute, operation, or relationship that can be ascribed to the generalized class.
As a final revising step of generalized classes is that each generalized class should
have at least two specializations, with two exceptions:

a. The generalized class is concrete, and

b. Itis anticipated that more specializations will be added in the future.
Since the system is connected with the environment (through inputs and out-puts),
at least one provided and one required interface should be identified. Revising of
interfaces should follow these rules:

a. The count of operations defined within provided interfaces should be the

same as count of input functional features within TFM.
b. The count of operations defined within required interfaces should be the

same as count of output functional features within TFM.

After the revising process has been finished, the initial topological class diagram is

refined and the abstraction level of it has been lowered. Mainly the abstraction level should be

lowered in order to introduce generalized classes, structural relationships, and interfaces.

4.3.4. Modeling System Snapshots

The input of this activity is Topological class diagram or Communication diagram.
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Since object diagram shows a complete or partial view of the structure of a modeled
system at a specific time moment [89] it can be is used instead of a Topological class diagram
in situations that involve more than one object of the same class acting in different roles [112]
or to provide examples of a system at a specific time. An Object diagram focuses on particular
set of object instances and attributes, and the links between the instances. A set of object
diagrams provides insight into how a view of system is expected to evolve over time. Only
those aspects of a model that are of current interest need be shown on an Object diagram.
When Topological class diagram is transformed into a set of Object diagrams, the classes
become instance specifications, and associations — links.

As the output of this activity a set of object diagrams is created describing the objects

details of the domain model.

4.4. Object State Change and Transition Analysis

Obiject state change and transition analysis is based on the State diagram and consists
of one activity (see Figure 4.24). The input of this activity is refined TFM and classes (either
from Topological class diagram or lifelines from Communication diagram) and the output of
this activity is one State diagram for each class. It is advised to analyze state changes of
complex or most important objects in the system. The most important objects are those that

are participating in the main functioning cycle of the system.

(Object State Change and Transition Analysis A

Classes

Classes State transition

| Analyzing object state ] specification
changes and transitions State diagrams

TFM
State change:

C J

Figure 4.24. Analyzing object state changes and transitions

The first action is to scale down TFM which is performed by removing functional
features which does not represent the object under consideration but in the same time
retaining cause-and-effect relations. For example, assume that TFM consists of three

functional features A, B, and C and are in the following causal chain: A-B-C. The A and C
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represent the same object while B represents another object. The resulting (scaled down) TFM
Is as follows: A-C.

States for each class are obtained from the functional features of refined TFM
(functional feature has an attribute named newState as shown in Figure 3.9 on page 84). If the
execution of functional feature involves the change of the corresponding object’s state, then
the attribute newState has value, otherwise the value is not set. State transitions are obtained
by transforming cause-and-effect relationship between functional features. [30]

The special states (initial state and final state) are added to the obtained State diagram
as follows:

e The initial state is added before the states that are obtained from the functional
features which are the inputs of the downscaled TFM (the ones which has no
predecessors), and

e The final state is added after the states that are obtained from the functional
features which are the outputs of the downscaled TFM (the ones which has no
descendants).

The example of transforming generic example of TFM into state diagram is given in

Figure 4.25, where the upper part shows fragment of TFM and lower part — fragment of State
diagram.
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newState = New : .

object = CardRequest P 4 \ object = cardRequest
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\
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’
.@ = L Completed

Transition specification:

n\ewState = Completed %

State specification:
Name = A.newState

Entry effect = A.operation
Exit effect = B.operation

Source state = A.newState
Event trigger = B.operation
Guard condition = B.preCond

| state specification:
Name = B.newState

Entry effect = B.operation
Exit effect= @

Target state = B.newState

Figure 4.25. Example of TFM to State diagram transformation

4.5. Structuring Logical Layout of Software Design

Logical layout of software design is structured in accordance with the defined

subsystems in the system behavior analysis and design activity and the input of this activity is
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subsystems (Use case diagram) and classes with their relationships (Topological class

diagram) as given in Figure 4.26.

(Stmcturing Logical Layout of Design )

Classes and their
relationships

Classes and their
relationships \

I Designing packages Packages
L Package diagram
e

Subsystems

Subsystems

N »,

Figure 4.26. Structuring the logical layout of software design

The logical layout is depicted by using Package diagram where each package initially
represents one subsystem. The contents of packages are added from the Topological class
diagram accordingly to the use cases in each system and the mappings between functional
features and Use cases. Thus each package gets a set of classes that are responsible for
particular subsystem. If needed the initial packages can be split up by grouping classes by
their responsibilities. The output of this activity is Package diagram structured according to

subsystems and responsibilities of classes.

4.6. Components and Deployment Design

The components and deployment design consists of two consequent activities (see

Figure 4.27): designing components, and planning deployment.

/Componoms and Deployment Design )
Packages Component diagram Components
Packages Designing components design
Component
requirements
Deployment
T diagram
on HHC ona Components Planning deployment Deployment design
requirements
Nodes
N A

Figure 4.27. Overview of designing components and planning deployment
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The input of this activity is packages from Package diagram and nonfunctional
requirements, and as the output a component design (Component diagram) and deployment
design (Deployment diagram) is created. The components and deployment design activities in
detail are described in the subsequent subsections (each subsection describes one activity).

Components designing within TopUML modeling are performed according to the

packages and nonfunctional requirements. The input of this activity is Package diagram and
nonfunctional requirements. The components designing process consists of two subsequent
actions (see Figure 4.28):
e Defining components — the initial components are designed, one component for
each package, and
¢ Refining components — initial components are refined according to nonfunctional
requirements.
For example, the nonfunctional requirements may include security requirements by
stating that executable files responsible for logging into system should be deployed separately

of other components.

.%(Dcﬁmng components Heﬁning componenis)%@

Figure 4.28. Components designing process

As the output a Component diagram is developed.

Deployment planning within TopUML modeling is made according to the

components and nonfunctional requirements. During the deployment planning the
components are assigned to the nodes as specified by nonfunctional requirements. According
to the UML specification [89], “a node is computational resource upon which artifacts may be
deployed for execution”. As the output a Deployment diagram is created which represent the

assignment of software artifacts to nodes.

4.7. TopUML Modeling in Comparison with other Modeling Methods

This section compares TopUML modeling with UML modeling driven approaches
discussed in Section 2. Each of the method is evaluated against a set of criterions divided into

four groups:
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Analysis and design models — shows the summary of diagram types used and the
transformation guidelines provided,

Problem domain analysis and design — sets the emphasis on the evaluation of the
existing and desired domain model designing and the identification of the
boundaries of them,

Requirements management — describes the requirements management aspect of
the compared methods (like requirements traceability), and

Usage — evaluates the practical application of each method in the software
development.

The criterions in each group are selected from a set of modeling methods and

techniques reviews and guidelines ([5], [37], [68], and [111]) basing on the purpose of
TopUML modeling.

The first evaluated group of criterions is analysis and design models and it consists of

following evaluation criterions:

1. Count of diagrams used — shows the number of diagrams used by each method.

2. The first diagram created — indicates the first diagram that is created by

particular method (this criterion indicates the diagram that is driving the further
software development process, e.g., some methods are called use case driven).
Transformations provided — if method includes transformation guidelines for all
diagrams addresses, then the value is all; if part of the diagrams are covered —
partial; and if no guidelines for transformations are given — none.

Transformation automation level — if the transformation process can be done
automatically (i.e., without presence of human) then the value is automatic; if
some interaction is required by the human — semi-automatic; or manual (no

guidelines and mappings between diagrams and diagram elements are given).

The result of the evaluation against analysis and design models criterions is given
below in Table 4.5.

Table 4.5
Evaluation of analysis and design models criterions
No. | Criterion | Method Evaluation
1. Count of | TopUML modeling 12 — all except Profile diagram, Timing diagram, and
diagrams Composite structure diagram
used OOAD with Unified Process 10 — all except Composite structure diagram, Object
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No. | Criterion | Method Evaluation
diagram, Profile diagram, and Timing diagram
B.0.0.M. 6 — Use case diagram, Activity diagram, State diagram,
Class diagram, Package diagram, Object diagram
Conceptual modeling 5 — Class diagram, State diagram, Use case diagram,
Sequence diagram, and Profile diagram
Component based development | 9 — Composite structure diagram, Object diagram, Profile
diagram, Interaction overview diagram, and Timing
diagram
TFMfMDA 5 — three UML diagrams: Use case diagram, Activity
diagram, and Class diagram; one diagram from
TFMfMDA profile: TFM; and unspecified diagram type —
Problem domain objects graph
2. | The first | TopUML modeling TFM
diagram OOAD with Unified Process Use case diagram
created B.0.0.M. Use case diagram and Class diagram (in parallel)
Conceptual modeling Class diagram
Component based development | Not specified, varies from case study to case study
TFMfMDA TFM
3. | Transfor- | TopUML modeling All
mations OOAD with Unified Process Partial
provided | B.O.O.M. Partial
Conceptual modeling Partial
Component based development | None
TFMfMDA All
4, Transfor- | TopUML modeling Semi-automatic — some diagram types requires additional
mation actions from expert or designer
auto- OOAD with Unified Process Semi-automatic — depending on the design patterns used
mation B.0.0.M. Manual
level Conceptual modeling Semi-automatic

Component based development

Manual

TFMfMDA

Semi-automatic

The second evaluated group of criterions is problem domain analysis and design and it

consists of following evaluation criterions:

1. Representation of “as-is” domain model — diagram types used to specify and

analyze the existing functioning of the problem domain. This is an important

criterion since it is needed to understand the functioning of the existing problem
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domain (e.g., business system) and only then introduce the new concepts and
functions into it.

Representation of “to-be” domain model — diagram types used to specify and
analyze the desired functioning of the solution.

“As-is” boundary identification — approach used for the existing (“as-is”
domain boundary identification (i.e., before the new software system is introduced
to the problem domain).

“To-be” boundary identification — approach used for the desired (“to-be”)
domain boundary identification (i.e., after the new software system is introduced

to the problem domain) since the new software system can introduce a new

functionality in the problem domain.

The result of the evaluation against problem domain analysis and design criterions is

given below in Table 4.6.

Table 4.6
Evaluation of problem domain analysis and design criterions
No. | Criterion | Method Evaluation
1. Represen- | TopUML modeling TFM
tation of | OOAD with Unified Process Use case diagram
“as-is” B.0.0.M. Business use cases and Activity diagram
domain Conceptual modeling Partly by Class diagram
model Component based development | None
TFMfMDA TFM
2. Represen- | TopUML modeling TFM, Communication diagram, Topological class
tation of diagram, and Object diagram
“to-be” OOAD with Unified Process Use case diagram, Activity diagram, and Class diagram
domain B.0.0.M. Use case diagram and Class diagram
model Conceptual modeling Class diagram
Component based development | Scenario and Logical view of 4+1 architectural style
TFMfMDA TFM, Class diagram with conceptual classes
3. “As-is” TopUML modeling Initial TFM — the result of applying topological space
boundary closure operation
identifi- OOAD with Unified Process Intuitive — based on initial estimation of Use cases
cation B.0.O.M. Business use cases — an initial estimation based on

interviews
Conceptual modeling Intuitive
Component based development | None
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No. | Criterion | Method Evaluation
TFMfMDA TFM as the result of topological space closure operation
4, “To-be” TopUML modeling Refined TFM — the result of mapping TFM on functional
boundary requirements or goals
identifi- OOAD with Unified Process Intuitive — based on analysis of Use cases
cation B.0.0.M. System use cases — identified and elaborated basing on

the business use cases

Conceptual modeling

Intuitive

Component based development

Intuitive

TFMfMDA

User goals finding in accordance with the TFM

The next evaluated group of criterions is requirements management and it consists of

following evaluation criterions:

1. Functional requirements — The way of the functional requirement specification

2. Nonfunctional requirements — The way of the nonfunctional requirement

specification

3. Requirements conformance - evaluates the conformance of functional

requirements to the existing domain functioning.

4. Functional requirements traceability — support of the functional requirements

traceability between developed artifacts.

5. Nonfunctional

requirements traceability — support of the nonfunctional

requirements traceability between developed artifacts.

The result of the evaluation against requirements management criterions is given
below in Table 4.7.

Table 4.7

Evaluation of requirements management criterions

No. | Criterion | Method Evaluation
1. Functional | TopUML modeling Textual description, business use cases, etc.
require- OOAD with Unified Process Use case diagram
ments B.0.0.M. System use case diagram
Conceptual modeling Conceptual schema (all UML diagrams applied by this
method)
Component based development | Use case diagram (the Scenario view of 4+1 architecture
style)
TFMfMDA Textual description, Use case diagram
2. Non- TopUML modeling Textual description
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No. | Criterion | Method Evaluation
functional | OOAD with Unified Process Textual specification within use cases
require- B.0.0.M. Textual specification within system use cases
ments Conceptual modeling None

Component based development | Components should conform to a characterization of a
unit to be reusable
TFMfMDA Partially by textual specification within use cases

3. Require- TopUML modeling Mappings between requirements and the initial and
ments refined TFM
confor- OOAD with Unified Process Intuitive or based on knowledge of expert
mance B.0.0.M. Based on business use cases

Conceptual modeling Intuitive or based on knowledge of expert
Component based development | Intuitive or based on knowledge of expert
TFMfMDA Mappings between requirements and the TFM “as-is”

4, Functional | TopUML modeling Trace links from requirements to functional features of
require- TFM, Use cases, Topological class diagram and other
ments developed artifacts (TopUML modeling enables
traceability traceability from the wvery beginning of software

development lifecycle to the code)

OOAD with Unified Process Requirements are traced to Use cases and to other design
and implementation artifacts.

B.0.0.M. Trace links from business use cases to system use cases
and other developed artifacts

Conceptual modeling Intuitive; trace links between diagrams created in the
conceptual schema

Component based development | Intuitive; trace links from Scenario view (Use cases) to
other views in the context of 4+1 architecture style

TFMfMDA Trace links between requirements, TFM, Use cases and
other diagrams used

5. Non- TopUML modeling Trace links from nonfunctional requirements to
functional Component diagram and Deployment diagram
require- OOAD with Unified Process Traced together with use cases
ments B.0.0.M. Traced together with system use cases
traceability | Conceptual modeling Not supported

Component based development | Intuitive; based on the experience of designer
TFMfMDA Not supported
The last evaluated group of criterions is Usage and it consists of following evaluation
criterions:
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1. Type of validation — evaluates how the method is validated. There can be three

different ways on validating a method depending on the purpose of the validation

and the conditions for empirical investigation [37]: survey, case study, and

experiment. A survey is an investigation performed in retrospect when the method

has been used for a certain period of time. A case study is an observational study

in which data is collected for a specific purpose throughout the study. An

experiment is a formal and controlled investigation (it includes also the theoretical

examples).

The result of the evaluation against usage criterions is given below in Table 4.8.

Table 4.8
Evaluation of usage criterions
No. | Criterion | Method Evaluation
1. Type of | TopUML modeling Case study (as given in section 5.2 and [29])
validation | OOAD with Unified Process Survey
B.0.0.M. Survey

Conceptual modeling

Experiment (a conceptual modeling “case study” in [92]
is shown in the context of already existing system so it

cannot be considered as a real case study)

Component based development

Case study

TFMfMDA

Experiment

The conducted evaluation of UML modeling driven methods shows the TopUML
modeling on the background of other methods. Since TopUML modeling and TFMfMDA

both are based on TFM, several characteristics of them are equal or similar.

4.8. Summary

TopUML modeling is based on the formalism of TFM and the TopUML profile.

While TFM provides formal abstraction and understandability of the problem domain, other

TopUML diagrams allows to model system from different viewpoints. TFM is used in two

forms — “as-is” and “to-be”, where the first one describes the existing functioning of the

problem domain while the latter one — the required functioning of the solution (i.e., software

system). Within TopUML modeling TFM serves as the root model for behavior and structure

specification and as a tool for validation of the functional requirements as well as of the
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software system. The problem domain analysis and software design within TopUML
modeling consists of six activities, covering behavior, structure, layout, and deployment
analysis and design. By following the TopUML modeling activities one by one, the system gets
designed in top-down way and the developed design artifacts are in strong accordance with
the functioning of problem domain, thus the TopUML modeling ensures that causal trace
links exist between artifacts of both problem and solution domains. By following the
TopUML modeling activities, designed software artifacts have following characteristics:

e High cohesion — application of TFM for system functioning analysis and formal
transformation of TFM to other diagram types ensures appropriate assignment of
responsibilities to objects and classes (this actually is leading to the next
statement),

e Every design artifact is an abstraction of a well analyzed and understood problem
domain artifact,

e Low coupling with the rest of the system — relations between elements initially are
identified within TFM and defined as topological relationships between functional
features describing functioning of a problem and solution domains, and

o Well-defined interface — the result of performing closuring operation of
topological space is TFM reflecting functioning of system under consideration; the
TFM obtained from topological space shows inputs and outputs (one of the
functional characteristic of TFM). TopUML modeling uses the inputs and outputs
of TFM do define required and provided interfaces of system.

The comparison of TopUML modeling and other UML modeling driven methods
shows evaluation of a set of criterions. Since TopUML modeling and TFMfMDA both are
based on TFM, several characteristics of them are equal or similar. The TopUML modeling
solves one of the weakest points of the TFMfMDA approach — assignment of responsibilities
to appropriate classes. TFMfMDA uses a powerful tool to analyze functioning of the problem
domain — the TFM, but the TFMfMDA lacks the ability to transfer responsibilities of objects
from TFM to the classes. TopUML modeling solves this issue by transforming the TFM into
Topological class diagrams. Proposed method is able to identify and reflect functioning cycles
of a system (including the main functional cycle) within developed diagrams. The presence of
functional cycles allows classifying classes thus the classes participating in functional cycles

can be marked and highlighted in the solution.
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5. APPROBATION OF TOPUML PROFILE AND MODELING
METHOD

The implementation and approbation of TopUML profile and modeling method is
shown and discussed in the context of two software designing projects:

1. Business support application development — shows a practical experiment in which

the software is designed for a laundry problem domain, and

2. Enterprise data synchronization system development — covers a case study of

software development project in which software is developed to perform enterprise
data synchronization by taking data from multiple data sources and placing into
centralized data storage.

A case study is considered as an observational study in which data is collected for a
specific purpose throughout the study, and an experiment is a formal and controlled
investigation [37]. Each of the discussed projects consumes slightly different parts of
TopUML modeling method, e.g., the experiment uses system goals to set scopes of Sequence
diagrams while the case study uses use cases.

Additionally this chapter discusses empirical evaluation of TopUML modeling
provided by two expert groups participating in the experiment of business support application
development. The modeling and development knowledge of experts before the experiment is
determined by using self-evaluation questionnaire thus showing preliminary knowledge of

each participant.

5.1. Business Support Application Development

Business support application development is demonstrated on the basis of practical
experiment in which a software design for laundry functioning at the platform independent
viewpoint is developed. The laundry business system is an experimental system created to
demonstrate the capabilities of TopUML profile and modeling method. Experimental software
designing includes creation of artifacts according to the TopUML modeling method. These
artifacts are as follows and they are given in the subsections of this section:

e Initial and refined TFM in accordance with informal system description and

functional requirements,

e Sequence diagrams and Interaction overview diagram in accordance with TFM

and system goals,
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e Communication diagram in accordance with TFM, and

e Topological class diagram in accordance with Communication diagram and TFM.

The used theory within experiment and obtained results are published in [105] (TFM
transformation into Topological class diagram), [31] (the Topological class diagram
refinement), and [27]. The latter reference is a guidance manual which is made in accordance

with the knowledge gained by elaborating laundry experiment with two expert groups.

5.1.1. Specification of Laundry System

Specification of laundry business system includes following artifacts:

1. Informal description of laundry functioning (Appendix 4 on page 191), where
nouns are denoted by italic, verbs are denoted by bold, and action pre- and post-
conditions are underlined,

2. Functional requirements defined for laundry software system (Appendix 5 on page
194), and

3. Eight system goals of laundry business and software systems by the problem
domain expert (Appendix 5 on page 194).

5.1.2. Problem Domain Functioning Analysis

Problem domain functioning analysis is based on the development of TFM

representing functioning of laundry which involves the following activities:

1. Topological space development — functional features are identified during the
analysis of system functioning informal description and establishment of cause-
and-effect relationships between them thus creating a topological space of the
laundry functioning,

2. Initial TFM development — TFM is obtained by performing closure operation [99]
of the inner functional features thus taking out the functioning description of the
system from the topological space, and

3. TFM refinement — functional features are mapped onto functional requirements
thus showing missing functional features (i.e., the functionality that do not exist in
the problem domain currently) and missing functional requirements.

All the activities in detail are shown in the subsequent subsections.
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5.1.2.1. Topological Space Development

As the result of definition of physical or business functional characteristics for the
laundry software system development project has been defined a set of 85 functional features
(see Table 5.1 where a set of 5 functional features are given; full list of defined functional
features is given in Appendix 6 on page 196). These functional features were identified during

the analysis of laundry business system — the informal description of it.

Table 5.1

Functional features of laundry functioning

ID Object action (A) Precondition (PrCond) | Entity (E) ©)

) ] If the person does not
6. |Preparing client card ) Clerk Inner
have the client card yet

7. |Client card issue to the client Clerk Inner

If the person is registered

8. |Authorizing client status (and) if the client has the|Clerk Inner
client card

9. |Requesting linen registration form If client has client card Client Inner

10. |Creating linen registration form Clerk Inner

After definition of functional features a topology @ is introduces between them (i.e.,
establishing cause-and-effect relations between functional features). Cause-and-effect
relations are represented as arcs of a directed graph that are oriented from a cause vertex to an
effect vertex. The identified cause-and-effect relations between the defined functional features
are illustrated by the means of the topological space in Figure 5.1 where it is clearly visible
that cause-and-effect relations form functioning cycles.

All cycles and sub-cycles should be carefully analyzed in order to completely identify
existing functionality of the system. The main cycle of system functioning (i.e., functionality
that is vital for the system’s life) should be found and analyzed before starting further
analysis. In laundry business case study the main functioning cycle of laundry functioning
represents registering client’s linen, washing it and returning to client. Functional features
belonging to the main functioning cycle are as follows: “8-9-10-11-12-13-14-15-16-17-18-19-
20-22-23-27-28-29-32-33-34-42-40-41-44-45-48-51-8” (denoted with the boldest arrows in
Figure 5.1). In the case of studying a complex system, a TFM can be divided into a series of

sub-systems according to the identified cycles.
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Figure 5.1. Topological space of laundry functioning

5.1.2.2. Initial Topological Functioning Model

According to the equation (2) on page 87 all the identified functional features given in
Table 5.1 are split in two sets— the set N (inner functional features) the set M (external
functional features and system functional features that affect the external environment):
1. N={3,4,5/6,7,8,9,10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25,
26, 27, 28, 29, 30, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 48, 51, 56,
57,58, 59, 62, 65, 68, 69, 70, 71, 74, 77, 80, 81 };

2. M={1,2,31,46, 47, 49, 50, 52, 53, 54, 55, 60, 61, 63, 64, 66, 67, 72, 73, 75, 76,
78,79, 82,83, 84,85 }.

The TFM is obtained by performing closuring operation (see equation (3) on page 87)
over the set of system inner functional features (the set N). The example illustrating how the
closuring operation is applied over the set N is given in Appendix 7 on page 200. The set X
(the TEM) of laundry functioning is as follows: X={2, 3, 4,5, 6, 7, 8,9, 10, 11, 12, 13, 14, 15,
16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40,
41, 42, 43, 44}. The resulting graph showing TFM of laundry problem domain functioning is
given in Figure 5.2.
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Figure 5.2. Topological functioning model of laundry functioning

5.1.2.3. Refining Topological Functioning Model

By mapping functional features onto functional requirements it is visible which
functional requirements define new functionality (a functionality that currently does not exists
in the problem domain) and which functional requirements are missing (a functionality that
currently exist in problem domain but is not covered by functional requirements). The
mappings between functional features and functional requirements are as follows (the symbol
@ is used if a functional requirement describes functionality which is not present in the

problem domain):

FR1={2 3} FR10={43,0;
FR2={4,56,7}: FR11={44}:

FR3={0; FR12 = { 45, 46, 48 };
FR4={8,9, 10, 11, 12, 13, 14, 15, FR13={49,51};

16, 17, 18, 19, 20, 21, 22, 23, 24, 25, FR14 = { 55, 56, 57, 58, 59, 60, 62 };
26, 27, 28, 29, 30, 31}; FR15={60}:

FR5 = { 23, 24, 25, 26 }; FR16 = { 62, 65, 66 };
FR6={30,31}; FR17 = { 63, 68 };
FR7={34,42} FR18 = { 69, 70, 71, 72, 74, 76, 77,
FR8={32,33,41}; 81, 82 }; and

FRO={Q; FR19 ={80, 82 }.
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The mappings between functional features and functional requirements using arrow
predicates is given in Figure 5.3 where it can be seen that the most used relation type is One-
to-Many. One-to-Many shows that one functional requirement completely specifies
functionality defined by several functional features.

Figure 5.3. Mappings between functional features and functional requirements illustrated by

arrow predicates

The mapping between the functional requirements FR18 and FR 19 and the functional
feature 82 is of type Many-to-One and the disjoint (component) predicate is used (the same
mapping type is used also between other functional requirements and features). Disjoint
predicate means that the related requirements together completely specify the functional
feature and do not overlap each other.

The Many-to-One mapping type can be reflected also with the covering predicate
which is used if a set of functional requirements overlap the specification of what will be
implemented in accordance with one functional feature. Example of covering predicate is

mapping between functional requirements FR14 and FR16 and functional feature 62.
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The functional requirements that define new functionality are FR3, FR9 and FR10. In
order to implement this new functionality it is needed to refine initial TFM by adding missing
functional features to it. The new functional features are given below in Table 5.2. Functional
requirements map onto the new functional features as follows: FR3 = {86}; FR9 = {87, 88};
and FR10={ 43,89 }.

Table 5.2
Additional functional features of laundry business system

ID |Object action (A) Precondition (PrCond) |Entity (E)
86. |Registering client e-mail address If client has e-mail address|Clerk Inner
87. |Preparing e-mail that linen has been washed 't e-mail address of client|Clerk Inner

has been registered
88. |Sending e-mail that linen has been washed Clerk Inner

If client wants to take|Client Inner
89. |Submission of received e-mail letter back washed linen basing

on e-mail letter

The second acquirement of functional requirements validation is the ability to find
missing requirements. From the mappings it is clearly visible that functional features 35, 36,
37, 38, 39, 40, 52, 78, and 84 has no corresponding functional requirements. Since the
functional features 35, 36, 37, 38, and 39 are part of second order sub-cycle (the sub-cycle in
which a dry-cleaning is ordered from collaboration partner) and functional feature 40 is part
of the main functioning cycle the missing requirements are vital for the system functioning
(missing functional requirements should be defined or existing ones should be extended). If
these functional features were not a part of cycles that are important to system’s functioning,
then they can be removed from the TFM of laundry system and thus not implemented in

software system. The new functional requirements are given below in Table 5.3.

Table 5.3

Missing functional requirements of the laundry software system

ID Requirement

FR20 | System should provide functionality for placing dry-cleaning orders at collaboration partners, including

linen registration form updating.

FR21 | After linen has been washed it should be possible to update linen registration form with mark that linen

is washed and can be returned to the client.

FR22 | When a payment of provided washing services is received from client, the system should ensure
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ID Requirement

functionality that supports payment to the collaboration partner for the washing services used.

FR23 | The system should ensure bank transfer preparation of the bill for determents order.

FR24 | The system should collect monthly costs for the servicing of washing machines.

The new functional requirements map onto functional features as follows: FR20 =
{35, 36, 37, 38, and 39}, FR21 = {40}, FR22 = {52}, FR23 = {78}, and FR24 = {84}.

Figure 5.4. Refined Topological functioning model of laundry business system after

functional requirements validation

After identification of missing functional features it is needed to update informal
description of system functioning and to update the set of inner functional features N and set
of external functional features M. After updating sets N and M it is needed to renew
neighborhood of each element of the set N. Following is the update of neighborhood of each
element of the set N which is affected by the new functional features. Refined TFM of
laundry functioning is given in Figure 5.4 (the new functional features are highlighted with
boldest vertices).

The summary of TFM refinement is as follows: four new functional features were
added basing on the functional requirements, and five missing functional requirements were

identified.
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5.1.3. Behavior Analysis and Design

System behavior of laundry functioning is analyzed and represented by using
Sequence diagrams and Interaction overview diagram. According to the TopUML modeling,
functional features should be grouped into sets in order to set the scope for each sequence
diagram. The primary source for scope identification in this case is system goals. The
mappings between system goals and functional features are given in Table 5.4 together with
the names of underlying Sequence diagrams.

Table 5.4
Mappings between system goals, Sequence diagrams, and functional features of laundry
functioning
Goal Sequence diagram name Corresponding functional features
SG1 | Checking and registering clients 2,3,4,5,6,7,8,and 86
SG2 Registering client linen for washing 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22,

23, 24, 25, 26, 27, 28, 29, 30, 31, and 32

SG3 | Registering and receiving linen from | 12, 32, 55, 56, 57, 58, 59, and 60

collaboration partners

SG4 | Fulfilling registered linen washing orders 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 62, 87, 88
SG5 | Returning linen to client and receiving | 43, 44, 45, 46, 48, 49, 51, 52, and 89
payment

SG6 | Returning linen to partner and receiving | 63, 65, 66, and 68

payment

SG7 Monitoring and ordering supplies of | 69, 70, 71, 72, 74, 76, 77, and 78

determents

SG8 | Monitoring the usage of washing machines | 80, 81, 82, and 84

and ordering servicing for them

In accordance with the system goals a set of eight Sequence diagrams has been
developed to represent the behavior of laundry functioning. All sequence diagrams are given
in Appendix 8 on page 201 while the relations between sequence diagrams are reflected with
Interaction overview diagram as given in Figure 5.5. Interaction overview diagram shows the
workflow and messaging design together in one diagram (in fact, it is a combination of
Activity and Sequence diagram elements); it is developed by merging created Activity
diagrams and Sequence diagrams. While the first one gives the information about control

flow, the latter shows objects and messaging between them.
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Figure 5.5. Interaction overview diagram created in accordance with system goals and

developed TFM of laundry functioning
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Analysis of Interaction overview diagram allows identifying and understanding
relationships between various Sequence diagrams. Interaction diagram given in Figure 5.5
shows that there is a decision making in the context of laundry functioning on which
Sequence diagram will be executed at which conditions. If there are only Sequence diagrams
without an Interaction diagram, then the relationships between the first ones are

underestimated.

5.1.4. Structure Analysis and Design

The main goal of domain model analysis and design is to develop a Topological class
diagram which contains classes together with their attributes, operations, and topological
relationships between them. To identify classes and assign the right responsibilities a TFM is
used. Thus, the creation of domain model is made more formal in comparison to other UML
modeling driven approaches (except the TFMfMDA approach which involves identification
of conceptual classes, i.e., classes with no responsibilities). This section shows the praxis of
developing such structure model — at first transforming TFM into Communication diagram

and then into Topological class diagram.

5.1.4.1. Analysis of Objects and their Communication

Analysis of objects and their communication within TopUML modeling consists of
TFM transformation into Communication diagram. To obtain a Communication diagram of
laundry functioning, it is necessary to detail each functional feature of the TFM to a level
where it uses only one type of objects as described in section 4.3.1 on page 118. If some of
functional feature contains more than one type of object then it is needed to refine it to the
level where one functional feature uses only one type of objects. The first step in
transformation is to merge functional features with objects of the same type in one lifeline.
While merging functional features into lifelines the relationships with other lifelines should be
retained (if there is more than one topological relationship then only one link is added
between lifelines). The message that is sent to a lifeline is an operation attribute of the
functional feature. Communication diagram showing arrival of person and submission of

linen for washing is given in Figure 5.6 on next page.
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Figure 5.6. Communication diagram: arrival of person and submission of linen for washing

5.1.4.2. Domain Model Development by Means of Topological Class Diagram

Topological class diagram is constructed after creation of Communication diagram by
applying transformations on it. The developed topological class diagram of laundry system
can be seen in Figure 5.7 where the classes are shown with hidden attributes and operations.
With the boldest lines in developed topological class diagram is maintained the main
functional cycle which is defined by the expert within the constructed TFM [93]. This reflects
the idea proposed in [94] and [100] that the holistic domain representation by the means of the
TFM enables identification of all necessary domain concepts and, even, enables to define their
necessity for a successful implementation of the system.

The Topological class diagram of laundry system showing attributes and operations is
given in Appendix 9 on page 206. The operations are obtained during TFM transformation to
Communication diagram and the attributes are added from TFM while transforming
Communication diagram into Topological class diagram. The responsibilities of classes are
assigned as operations. Thus by using TFM in software development the classes are identified

and responsibilities are assigned directly from the problem domain.
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contains classes and topological relations between them and it is at high abstraction level. By
reviewing and refining initial class diagram associations, generalizations, dependencies, and
other relationships defined in UML are added. In this way the abstraction level of diagram is

lowered and structural relations between classes are added. The refinement of initial

Figure 5.7. Topological class diagram representing laundry system

Above given Topological class diagram can be considered as initial because it

Topological class diagram is covered within the case study explored in next subsection.

modeling in real software project. In this software project case study a service application is

5.2. Enterprise Data Synchronization System Development

The main idea of this section is to explore a case study of applying TopUML
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developed which application is aimed to synchronize enterprise employee data.

Synchronization is done by taking data from multiple data sources and placing in one central

data storage. The case study covers full software development life cycle (the software now is

at maintenance phase, the case study covers implementation phase). The software is

developed

in Lattelecom Technology Ltd Software Development Department (see

acknowledgement in Appendix 10 on page 207). TopUML modeling case study includes

development of TopUML diagrams. These diagrams are as follows and they are given in the

subsections of this section:

Initial and refined TFM in accordance with informal system description and
functional requirements,

Topological use case diagram defined in accordance with developed TFM and
mappings between functional features of TFM and determined functional
requirements,

Sequence diagrams and Activity diagram in accordance with TFM and Use cases,
Communication diagram obtained by performing transformations on TFM,

Initial and refined Topological class diagram in accordance with Communication
diagram and TFM, and

State diagram within the case study is prepared for the main object of data
synchronization system by applying transformations on TFM. The main object is
determined by its membership to the main functioning cycle.

The exploration of enterprise data synchronization system development case study by

using TopUML modeling is published in [29].

5.2.1. Specification of Enterprise Data Synchronization System

Specification of data synchronization system includes following artifacts:

1.

Informal description of data synchronization functioning, where nouns are denoted
by italic, verbs are denoted by bold, and action pre- and post- conditions are
underlined, and

Functional and nonfunctional requirements defined for data synchronization

software system.

The specification artifacts are available in Appendix 11 on page 208.
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5.2.2. Problem Domain Functioning Analysis

The development of TFM representing enterprise data synchronization system
functioning involves the following activities:

1. Topological space development,

2. Initial TFM development, and

3. TFM refinement (including the identification of logical relations).

All the activities in detail are shown in the subsequent subsections.

5.2.2.1. Topological Space Development

Within enterprise data synchronization software system development project has been
defined 30 functional features (see Appendix 12 on page 210). These functional features are
identified during the analysis of enterprise data synchronization system — the informal
description of it. After definition of functional features the topology ® (cause-and-effect
relationships) are identified between those functional features. The identified cause-and-effect
relations between the defined functional features are illustrated by the means of the

topological space (see Figure 5.8).

Figure 5.8. Topological space of enterprise data synchronization system

In the Figure 5.8 is clearly visible that cause-and-effect relations form functioning

cycles. In enterprise data synchronization system case study the main functioning cycle
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represents getting data from source data base and import files and editing those data in target
data base, and is as follows: 2-3-5-6-7-8-24-19-25-26-15-2.

5.2.2.2. Initial Topological Functioning Model

According to the equation (2) on page 87 all the identified functional features given in
Table 5.1 are split in two sets:

e N={2,3,56,7,8,9, 11, 12, 13, 14, 15, 16, 19, 24, 25, 26, 27, 28}; and

e M={1,4,10,17,18, 20, 21, 22, 23, 29, 30}.

In order to get all of the system’s functionality — the set X — the closuring operation
(see equation (3) on page 87) is applied over the set N (detailed example of applying
closuring operation is given in section 5.1.2.2 on page 142). The obtained set X (the TFM)
after applying closuring operation is as follows: X={2, 3, 5, 6, 7, 8, 9, 11, 12, 13, 14, 15, 16,
17,19, 20, 22, 24, 25, 26, 27, 28, 29}. The resulting graph is given in Figure 5.9.

Figure 5.9. TFM representing enterprise data synchronization system functioning and logical

relations between cause-and-effect relationships

The TFM as given in Figure 5.9 shows logical relations between cause-and-effect
relationships. The logical relations are divided into two sets: Loy (logical relations between
topological relationships which are outgoing from functional feature) and L, (logical relations
between topological relationships which are incoming into functional feature); they are
identified by using algorithm described in section 4.1.2 on page 103.
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To better understand identification of logical relations a small fragment of TFM given
in Figure 5.9 is used consisting of four functional features: 19, 20, 22, and 25. The functional
feature 20 has a precondition C; (“If data from the particular row exists”) and functional
feature 22 has a precondition C, (“If data from the particular row does not exist”) while
functional feature 25 has no preconditions as given in Appendix 12 on page 210. The relation
between preconditions C; and C; is as follows: C; = 7Cy; thus indicating that between the arcs
that are outgoing from functional feature 19 to functional features 20 and 22 (19—20 and
19—22) the logical relation with type exclusive disjunction (XOR) exist. Since functional
feature 25 has no preconditions a logical relations with type conjunction (AND) is added

between topological relationship 19—20 and 19—25, and 19—22 and 19—-25.

5.2.2.3. Refining Topological Functioning Model

The result of requirements validation is that both TFM and functional requirements are
checked. In order to validate functional requirements and the constructed TFM, mappings
between functional requirements and functional features should be established. Since in this
case study Use cases are used to model requirements, the set of mappings of functional
requirements include both functional features and functional requirements. The established

mappings are as follows:

FR1 = {FR1/[1-6]}; FR1/4 = {15, 16, 17};
FRU/1={2, 3} FR1/5 = {8, 24, 19, 20, 22, FR1/6}; and
FR1/2 = {5, 6, 7, FR1/5}; FR1/6 = {25, 26, 27, 28, 29}.

FR1/3={9, 11, 12, 13, 14, FR1/[4-5]};
The identified mappings shows that there are no missing requirements and no missing
functional features thus the refined TFM is equal to the initial TFM.

5.2.3. Behavior Analysis and Design

Every requirement is modeled with use case:

e FR1=“Employee data synchronization”,

e FR1/1 =“Obtaining configuration information”,
e FR1/2 =“Obtaining data from source data base”,
e FR1/3 =“Obtaining data from import files”,

e FR1/4 =*“Logging faulty import file”,

155



e FR1/5=“Importing data in target data base”, and

e FR1/6 = “Logging import status”.

According to the mappings between functional features and requirements and logical
relations in TFM the «include» and «extend» relationships are automatically established
between Use cases. Since actors in Use case diagram show interaction between system and
external systems or entities, they are obtained from topological space — actors are entities (E)
from functional features and the set of actors are identified by equation (8) given on page 113.
Topological relation between one functional feature belonging to set E and the other to set X
defines relation between use case and actor (since all use cases are mapped to functional
features). The developed Topological use case diagram is given in Figure 5.10.

Scheduler

Obtaining
configuration
information

e

Obtaining data
from source data

base Source data base

«include»

i .
| «extend»

e

e «include»

Employee data
synchronization

e

N - |
Mz~ “«include» | Target data base
I

. . <N
Logging import \ «extend» :«extend»
status
Obtaining data

from import
files
7

7
Logging faulty X «extend»
meert e Import file

Figure 5.10. Use case diagram of enterprise data synchronization system

Data import
manager

5.2.3.1. Messages of Objects and their Sequence Analysis and Design

Since in this case study use cases are used to model requirements, the use cases define
the number and the scope of sequence diagrams. The scope of sequence diagrams defines a
set of functional features which are included in each sequence diagram. A total set of seven

sequence diagrams is created. Sequence diagram for use case “Importing data in target data
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base” (which reflects functional requirement FR1/5) is given in Figure 5.11. As FR1/5
mappings includes also functional requirement FR1/6, the corresponding Sequence diagram

contains ref interaction use to Sequence diagram “Logging import status”.

sd Importing data in target data base/

:Scheduler :ImportFile :TargetDataSource :Logger
I I I I
. [ [

} ImportintoTargetDB } }

——— | | |

} } Createlog } }
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,,,,,,,,,,,,,,,,, N S|

K \ \ |
loop [for all data rows] } }
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| | P |
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} par alt [data from the particular row exists]
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[ [ rg— [
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| | i \ |

[ [ | InsertData |

[ [ — [
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[ [ ]

} } re Logging import status
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[ [rommmmmmemeeeeeees 1 |

MovelmportFile } }

— \ \

Figure 5.11. Sequence diagram “Importing data in target data base”

5.2.3.2. Workflow Analysis and Design

Workflows within system are analyzed and designed by using the Activity diagram.
The scope and count of activity diagrams are denoted by the Use cases and their mappings
with functional features (i.e., equal to Sequence diagrams described in previous subsection).
According to the defined Use cases and established mapping, a total set of seven Activity
diagrams is created. Activity diagram representing the use case “Importing data in target data
base” is given in Figure 5.12. As FR1/5 mappings includes also functional requirement
FR1/6, the corresponding sequence diagram contains ref interaction use to Activity diagram

“Logging import status”.

157



___________________________ Importing every row from internal
0 - table into target data base

reating log file in log files folder for import
file processing

U >
- N

Checking if data from a particular row
already exists in target data base

[data from the
particular row exists]

[data from the particular
row does not exist]

ref Logeing import status Insert new data in Updating existing data
— geing imp target data base in target data base

@ [data synchronized] [else] /

Figure 5.12. Part of TFM representing functioning of enterprise data synchronization system

and activity diagram representing workflow of Use case “Importing data in target data base”

5.2.4. Structure Analysis and Design

The main goal of domain model analysis and design is to develop a Topological class
diagram which contains classes together with their attributes and responsibilities. To identify
classes and assign the right responsibility to each one of them a TFM is used. This section
shows the transformation of TFM into Communication diagram and Communication diagram

into Topological class diagram (together with refinement of it).

5.2.4.1. Analysis of Objects and their Communication

The next step within TopUML modeling approach is development of Communication
diagram by transforming TFM of enterprise data synchronization system functioning. To

obtain a Communication diagram, it is necessary to detail each functional feature of the TFM
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to a level where it uses only one type of objects. Developed Communication diagram

representing data synchronization with source data base is given in Figure 5.13.

9a.1.1:UpdateData
9a.1.2:InsertData

—
O 2:Read :TargetDataSource
—
1:GetConfiguration 9a:WriteLogEntry ' .
10:WriteLogEntry 8:ChecklfDataExists
:Configuration
) — :Logger
Data import 11:GetConfiguration
manager
3a:ReadDataFromDB
7:Createlog
3b:ReadDataFromDB 4:CheckDBDataStructure
— —
:SourceDataSource :Scheduler
Source .
data base 5:ConvertDBDataTolnternal

6:ImportintoTargetDB

Figure 5.13. Communication diagram representing data synchronization with source data base

5.2.4.2. Domain Model Development by Means of Topological Class Diagram

Topological class diagram is constructed after creation of Communication diagram by
applying transformation on it and TFM. The resulting Topological class diagram after
transforming Communication diagram and TFM is considered as initial since it contains
classes (with attributes and responsibilities) and topological relations between them. The
operations are obtained during TFM transformation to Communication diagram and the
attributes are added from TFM while transforming Communication diagram into Topological
class diagram. Responsibilities of classes are assigned as operations.

To add other relationship types (e.g., associations, generalizations, and dependencies),
required and provided interfaces in accordance to inputs and outputs of TFM to the initial
Topological class diagram, the initial Topological class diagram should be refined in
accordance to the steps given in section 4.3.3 on page 122.

The refined topological class diagram of enterprise data synchronization system is
given in Figure 5.14, where with bolder topological relationships is denoted main functioning

cycle.
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Figure 5.14. Topological class diagram of enterprise data synchronization system

State changes and transitions within system are analyzed and designed by using the
State diagram. The scope and count of activity diagrams is denoted by the main classes in
planned system (i.e., classes belonging to the main functioning cycle of Topological class
diagram). This section discusses state diagram created for one of the main object —

“Scheduler”. Table 5.5 on next page contains specification of functional features that are used

to define state diagram for object “Scheduler”.

5.2.5. State Change and Transition Analysis
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Table 5.5

Functional features specifying functioning of object “Scheduler”

ID Obiject action Precondition New state
5 Reading all data from source data base If import should be performed | Reading data
from source data base
6 Checking if read data structure is according to Checking data
specification
7 Putting the read data into temporal internal table If data structure is according | Importing
to specification
9 Checking import folder Reading data
12 | Checking if import file data structure is according Checking data
to specification
13 | Converting the read data from import file into | If import file structure is | Importing
temporal internal table according to specification
15 | Moving import file to processed files folder Completing import
19 | Checking if data from a particular row already Importing
exists in target data base
25 | Logging data row from temporal internal table Logging status
29 | Archiving log file If data import is completed Completing import

cececccccccccccccccadecaaanan
/

\
RN

1 [structure is
according to
i specification]

Importing

Logging status

s
N
-
-

[all data is
imported]

LT L Py
\

Figure 5.15. TFM of enterprise data synchronization system functioning (a) and State diagram
for object “Scheduler” (b)
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The specification of functional features shows that this object in total has five different
states: 1) “Reading data”, 2) “Checking data”, 3) “Importing”, 4) “Logging status”, and 5)

“Completing import”. The resulting State diagram is given in Figure 5.15.

5.3. Empirical Evaluation of TopUML Profile and Modeling Method

The empirical evaluation of TopUML profile and modeling method is based on
practical experiment with two expert groups in which a business support application for the
Laundry problem domain is designed. Description of experimental software designing with
experts is organized in following subsections:

1. Goal and process of empirical experiment — sets the goal of practical experiment

and describes the experiment process showing the produced artifacts at each
TopUML modeling step,

2. Participants — gives the descriptive information of experiment participants:
education degree, self-evaluation of software modeling, designing and
development, and experience in software development,

3. Results of experiment — summarizes the results and competency gained during the
TopUML modeling experiment, including positive and negative aspects of
modeling method and recommendations of participants.

The main result of practical experiments is publication of guidance manual

“Topological business systems modeling and software systems design” [27], which includes
both — the TopUML modeling theory and a practical example of applying it within software

designing.

5.3.1. Goal and Process of Empirical Experiment

The main goal of the experiment is to design business support software by applying
TopUML profile and modeling method with the experts of software development, to review
the TopUML modeling usage in practice, and to collect feedback from the experiment
participants. At the beginning of the experiment the participants are introduced with the
problem domain and the specified software requirements. Laundry business system is selected
as problem domain for both practical experiments. The informal description of problem

domain is given in Appendix 4 on page 191 and the set of specified functional requirements is
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given in Appendix 5 on page 194. The process of empirical experiment is divided into eight

practical sessions as given in Table 5.6, where goal, tasks, and results (including developed

artifacts) are described for each session.

Table 5.6
Practical sessions of TopUML modeling experiment
No. Goal Tasks Results
1. | Evaluate participants Fill out self-evaluation questionnaire | 1. Evaluation of
knowledge, introduce (Appendix 13 on page 212) participants
TopUML modeling Briefly describe TopUML modeling 2. Set of  functional
and problem domain Hand-out informal description of Laundry features
functioning
Define functional features
2. | Develop  topological Define topological space Topological space of
space of  Laundry Identify  cause-and-effect  (topological) | Laundry functioning
functioning relationships between functional features
3. | Develop TFM Define TFM TFM of Laundry
Perform closure operation of previously | functioning
developed topological space
4. | Validate functional Hand-out specification of functional | 1. Mappings between
requirements and requirements and system goals functional features and
developed TFM Define mappings between functional functional requirements
features and functional requirements 2. Refined TFM
Refine TFM and functional requirements 3. Refined functional
requirements
5. | Transform refined Define problem domain objects graph Problem domain objects
TFM into  problem Transform TFM into problem domain | graph
domain objects graph objects graph
6. | Develop Sequence Define transformations between TFM and | Set of Sequence diagrams
diagrams Sequence diagram (one for each system goal)
Transform TFM into a set of Sequence
diagrams
7. | Develop Topological Define Topological class diagram Topological class diagram
class diagram Transform problem domain objects graph
into Topological class diagram
8. | Review the TopUML Review experiment process Report of experiment and

modeling and

experiment

Review TopUML profile and modeling
method

Summarize reviews in report

TopUML modeling method
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The experiments do not cover full TopUML modeling method because of the time
limitation and it is partly outside the TopUML modeling while the experiment uses Problem
domain object graph instead of Communication diagram. The application of Problem domain

objects graph is shown in [103].

5.3.2. Participants

Total number of participants in empirical experiment is 32 (the participants are split in
two separate groups). The first group is made with 17 participants holding master degree in
computer science while the second group is made with 15 participants holding bachelor
degree in computer science. Average age of participants is 26 years and average work
experience in software development is 3.7 years.

At the beginning of each practical experiment the participants are asked to fill out self-
evaluation questionnaire with questions grouped into following sections (questionnaire form
is given in Appendix 13 on page 212): Modeling languages and notations, UML diagrams (8
most used diagrams according to [24]), Software development lifecycles, Programming
languages, and Modeling tools.

Self-evaluation results are given in Figure 5.16 and Figure 5.17, where the first one
shows knowledge evaluation of modeling languages and notations and the latter one — UML

diagrams.
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Figure 5.16. Participants’ self-evaluation results of modeling language/notation knowledge
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Figure 5.17. Participants’ self-evaluation results of UML diagram type knowledge

5.3.3. Results of Experiment

The results of practical experiments allow empirically evaluate application of
TopUML profile and modeling method within software designing. Participants and their
results during development process are evaluated by using quantitative and qualitative
measurements. The quantitative measurement involves evaluation of participant results by
evaluating all participants with the best results obtained in each practical session. For
example, the participant defining the largest set of functional features gets the largest amount
of points — 10 (in the scale 0 to 10 where 0 is the smallest and 10 is the largest value). The
qualitative measurement is the subjective evaluation of participant results set by the head of
experiment. For example, the quality of developed functional features varies from participant
from participant. While the largest part of participants had no difficulties defining functional
features, there are some participants defining functional features containing more than one
atomic business action. The average value of participants’ evaluation in both experiments is 8
(5 being the smallest value and 10 the largest value). Distribution of evaluation values in the
scale 5 to 10 is given in Figure 5.18. The TopUML modeling application results gained by
participants holding bachelor degree and participants holding master degree are almost the
same thus showing that it can be applied by modelers having different amount of preliminary

knowledge.
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Figure 5.18. Evaluation of results produced by experiment participants

By summarizing the feedback from participants of both experiments the following

benefits of using TopUML modeling can be outlined:

Theoretical and scientific basis of the method,

Formal nature of TopUML modeling (in contrast to the methods based on Use
case modeling),

Transformation from computation independent viewpoint to the platform
independent viewpoint,

Possibility to automate transformations between developed diagrams, and

Reduced possibility of rewriting software code (due to the improper analysis of

problem domain).

The reviews of performed experiments include following recommendations and

limitations marked by participants:

Checking correctness of developed models — the method should include
mechanism of automatically checking the correctness and quality of the developed
models. In fact, the first checking of developed TFM is the identification of logical
relationships, mappings establishment between functional features and functional
requirements, and identification of functional cycles, thus ensuring that TFM is
constructed properly. The TFM can be in addition validated against problem
domain ontology as suggested in [125]. TFM validation against errors in it ensures
that the other models developed using TopUML modeling are in accordance with
problem domain functioning.

Tool support — since the experiments are performed without any TopUML tool

support, participants outline that a tool supporting TopUML would improve the
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usability of TopUML modeling in practice. Since the TopUML modeling
describes formal transformations between different diagram types, the tool would
improve also the transition process between diagrams. The transitions between
diagrams could be made semi-automatically.

e Advancements of TopUML modeling — modeling method should allow developing
models in different scenarios and in different order. This suggestion could be
related to the development scenario presented in practical sessions since the
TopUML modeling is a set of activities. Each activity can be performed in any
order; the only constraint is the input parameters of each TopUML modeling

activity.

5.4. Summary

The application and approbation of TopUML profile and modeling shows that the
main goal of implementing new modeling language in the form of UML profile and its usage
method has been reached — the artifacts produced during the design phase (e.g., classes,
responsibilities of classes, use cases, and so on) are identified and defined in a strong
accordance with the problem domain. Every artifact that is created can be traced from the
problem domain. In fact the traceability works in both directions — from and to problem
domain [8].

The first discussed software development project shows that the TopUML modeling
can be applied in iterations where the first iteration draws a concrete border of the desired
system while the sub-iterations are needed to lower the abstraction level of the developed
models. The detailing of developed models should be performed by detailing functional
features and the TFM of the problem domain functioning thus keeping the strong relevance of
produced artifacts with the problem domain. The TFM is cogent model for detailing the
specification of functioning because one of its topological characteristics is continuous
mapping — more details can be added by not losing the existing specification. To ensure that
the created models in software development project are detailed out enough for software
implementation, a decision of experts can be used. The consensus of the created solution can
be obtained by using voting mechanism as suggested in [44], where intermediate model is
used to seam together requirements and the architecture of software.

The second discussed software development project (case study) shows that it can be

enough to make only one iteration within TopUML modeling — developed models are detailed
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enough for developers to be able implementing software. The enterprise data synchronization
software project is chosen as case study for approbation of TopUML profile and modeling
method since its scope, work estimation and delivery plan fits in the time frame of this thesis.

Summary of both the experiment and the case shows that TopUML modeling deals
with the Computation independent viewpoint and the Platform independent viewpoint within
MDA the Platform specific viewpoint is not addressed. The TopUML modeling is concerned
with the “what” and not “how”. The “what” means what is what and what should do what
(i.e., identification of classes and their responsibilities) while the “how” means how the
responsibility will be implemented in a specific platform or technology (e.g., how the data
will be saved in data base). The “how” part is dependent of the technology used to implement
the software and even within one technology there can be a bunch of implementation options.
For example, if the .NET framework is chosen to implement software, the communication
with data base can be implemented in several ways [79].

The empirical evaluation of TopUML modeling is based on the results gained by two
independent expert groups in practical experiment in which software is designed for the
laundry problem domain. Within the experiment the first iteration is made by drawing the
borders and scope of desired software system. Each participant before the experiment is asked
to fill out self-evaluation questionnaire regarding the knowledge of software modeling.
During the experiment, participants outlined several disadvantages (like lack of supporting
tool) and several advantages (like formal problem domain analysis, formal relation of problem
domain to developed models, and improved traceability options) of the proposed method. By
summarizing up the experience and knowledge obtained during the experiment with experts

the guidance manual [27] of TopUML modeling is prepared and published.
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CONCLUSIONS

The goal of the doctoral thesis was to supplement UML with theoretical foundations

in order to create grounds for converting notation into a formal modeling language and to

define modeling method which allows to clearly trace cause-and-effect relationships in both

problem and solution domains. The main result of the work is TFM supplementation with

logical relations, specification of TopUML profile and definition of modeling method which

is used to put into practice the created profile. All of the specified tasks for achieving the goal

of thesis are completed and the following results and conclusions are obtained:

1. Results of analyzing UML, its specification and application in software development are

as follows:

a.

Despite of the benefits gained by using UML within software development
process, analysis of its specification and application shows a number of
disadvantages and limitations,

Although that language extension mechanisms are provided starting with the UML
version 2.0, the development of profiles is a difficult task while the UML
specification is a specification of a notation and thus it defines only elements of
language, their notation and semantics,

By analyzing a number of existing UML profiles an opinion is established that the
most suitable way for specifying an UML profile is by using the same
specification structure as used in UML specification,

Modeling methods determine the application of UML within software
development process and not the UML itself (review of UML application in
industry and UML modeling methods review shows that the top five most applied
UML diagrams are the same), thus a part of UML disadvantages and limitation can
be solved by using an appropriate modeling method, and

The fragmental application of UML diagrams and partial software development
lifecycle coverage within analyzed methods do not eliminate disadvantages of

UML at a sufficient level.

2. Above mentioned results of performed analysis lead to the conclusions that the following

should be completed to achieve the goal of thesis:

a.

Supplement UML with the theoretical foundation, thus developing specification of
TopUML profile, and
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b. Define effective and usable modeling method for TopUML profile application
within software development.
TFM supplementation with logical relations gives adequate base for transformation of
TFM into other diagrams with complex structure.
By adding formalism of TFM mathematical topology to the UML, a modeling language
specification is obtained which creates grounds for converting notation into a formal
modeling language and which contains sufficient language elements to clearly identify,
specify and trace cause-and-effect relationships.
The proposed modeling method includes the following aspects: proper analysis of
problem and solution domains, application of most of the TopUML diagrams, it covers
most of software development lifecycle; thus the identified UML disadvantages (size,
complexity, incoherence and different interpretations) are reduced and even eliminated.
. Application of TFM as a root model to synthesize other diagrams ensures that in a formal
way are achieved following results:
a. All artifacts created for solution domain are in conformance with the functioning
characteristics of problem domain,
b. It is possible to clearly trace cause-and-effect relationships within and between
developed artifacts at the same and different abstraction levels,
c. The developed artifacts are with high cohesion, and
d. Components of developed system have low coupling with the rest of the system
and a well-defined interface.
Developed TopUML profile and its modeling method have been successfully applied in
an experimental software analysis and design project, as well as in a real software
development project.
. Approbation of proposed profile and modeling method shows that TopUML modeling
deals with the Computation independent viewpoint and the Platform independent
viewpoint within MDA. The TopUML modeling is concerned with the “what” and not
“how™:
a. The “what” means what is what and what should do what (i.e., identification of
classes and their responsibilities), and
b. The “how” means how the responsibility will be implemented in a specific
platform or technology.
Performed approbation of TopUML profile and modeling method together with two

independent expert groups in a practical software design experiment gives an empirical
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evaluation for the proposed modeling language and method. The following advantaged are
outlined: theoretical foundations, formal modeling activities, transformations between
models. Previously mentioned advantages together reduce the risk of rewriting software

code.

The future research directions are as follows:

+ Development of a tool supporting the TopUML profile. Since the TopUML is
developed as a profile of UML version 2.4.1, it can be introduced to any tool that
supports its extensions with UML profiles thus eliminating the need of a
completely new tool creation.

+ Research on the application of TopUML for platform independent viewpoint

transformation into platform specific viewpoint and generating software code.
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Appendix 1

USED ABBREVIATIONS
No. | Abbreviation Description
1. | ASMOS Automated structural modeling system
2. | AUP Agile Unified Process
3. | B.O.O.M. Business Object-Oriented Modeling
4. | CIM Computation Independent Model
5. | CWM Common Warehouse Metamodel
6. | DSL domain-specific language
7. | GRASP General Responsibility Assignment Software Pattern
8. | MDA Model Driven Architecture
9. | MOF Meta-Object Facility
10. | MSF Microsoft Solutions Framework
11. | OCL Object Constraint Language
12. | OMG Object Management Group
13. | OMG SysML | Object Modeling Group System Modeling Language
14. | OMT Object-Modeling Technique
15. | OOSE Object-Oriented Software Engineering
16. | PIM Platform Independent Model
17. | pUML Precise UML
18. | PVS Prototype Verification System
19. | RAISE Rigorous Approach to Industrial Software Engineering
20. | RUP Rational Unified Process
21. | SOA Service-oriented architecture
22. | SoaML Service Oriented Architecture Modeling Language
23. | TFM Topological functioning model
24. | TFMfMDA Topological Functioning Modeling for Model Driven Architecture
25. | TopuML Topological Unified Modeling Language, Topological UML
26. | UML Unified Modeling Language
27. | UP Unified software development process, Unified process
28. | XMl XML Metadata Interchange
29. | XML Extensible markup language
30. | XUML Executable UML, profile of UML for execution
31. | Z Z notation
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Appendix 2
TOPUML SPECIFICATION

The profile diagram specifying TopUML language consists of eight stereotypes and
two enumerations which are divided into four packages. The top-level profile diagram of
TopUML is given in Figure “TopUML profile top level package” below which shows the
related metamodel and relationships between packages in profile. The packages are used to
group together elements basing on their intent and semantics and to ease the evolution of
TopUML (i.e., creation of new TopUML versions). The packages that build up TopUML
profile are as follows:

e TopologicalRelationships — contains constructs related to relationships

e TopologicalStructure — contains constructs related to structure representation

e TopologicalBehavior — contains constructs related to behavior modeling, and

e TopologicalModels — contains diagram types added to UML by TopUML profile.

«metamodel»
UML
N
« refefence»
«profile» |
TopUML ]
TopologicalRelationships TopologicalStructure
<;import\» «import»
TopologicalBehavior g----- «import»------1 TopologicalModels

TopUML profile top level package

Stereotypes and enumerations included in packages are specified in subsequent four
subsections. Stereotypes are related to corresponding metaclasses by extension relationship.

174



Topological Relationships Package

The topological relationships package contains all additional relationships that are
created by TopUML profile. These relationships provide the necessary constructs to create
Topological functioning model, Topological class diagram, and Topological use case
diagram. The relations introduced are used across multiple diagram types thus making
TopUML profile more compact and without needless constructs. The topological
relationships package is given in Figure “TopologicalRelationships package” as package

TopologicalRelationships.

I
TopologicalRelationships
<<metaclass>> <<metaclass>> <<enurf1eration>>
DirectedRelationship Relationship RelationType
+and
f -
+xor
<<stereotype>> <<stereotype>>
TopologicalRelationship LogicalRelationship
+id : string +id : string
+cycle : TopologicalCycle +relationType : RelationType
+logicOnIncomingArcs : LogicalRelationship
+logicOnOutgoingArcs : LogicalRelationship
+isiInMainCycle() : boolean

TopologicalRelationships package

Topological  relationship in TopUML is reflected Dby  stereotype
TopologicalRelationship. Specification of TopologicalRelationship is given below in Table

“Specification of stereotype TopologicalRelationship”.

Specification of stereotype TopologicalRelationship

Clause Specification

Description Topological relationship represents a cause-and-effect relation between two elements — source

and target element. Extends «metaclass» DirectedRelationship.

Attributes e +id:string [1]

o Specifies the identifier of topological relationship.

Associations | e+ cycle : TopologicalCycle [0..*]
o Specifies the cycle to which this topological relationship belongs. Topological

relationship can belong to many cycles at a time.
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Clause

Specification

e +logicOnIncomingArcs : LogicalRelationship [0..*]
o Specifies logical relationship to which this logical relationship belongs. Topological
relationship can belong to many logical relationships at a time.
e+ logicOnOutgoingArcs : LogicalRelationship [0..*]
o Specifies logical relationship to which this logical relationship belongs. Topological

relationship can belong to many logical relationships at a time.

Constraints

[1] Logical relationship logicOnIncomingArcs should belong to TFM (an instance of
TopologicalFunctioningModel).

[2] Logical relationship logicOnOutgoingArcs should belong to TFM (an instance of
TopologicalFunctioningModel).

[3] If TopologicalRelation relates instances of UseCase and Actor, then source cannot be the
same type and/or instance as target.

[4] If TopologicalRelation relates instances of UseCase and Actor, then target cannot be the

same type and/or instance as source.

Additional e +isInMainCycle() : boolean

Operations o Check that topological relationship belongs to main functioning cycle.

Semantics Topological relationship is a binary relationship that shows a cause-and-effect relation between
two elements — source element and target element. A topological relationship is assertion that
indicates that the effect element can be triggered only by the cause element thus showing that
effect element is executed only after the cause element executes.

Notation Topological relationship is shown as arrow with filled arrowhead pointing from cause element

to effect element (the arrowhead is placed at the effect side); it is directed only in one way —

Cause element }—»{ Effect element

from cause to effect.

Presentation

Options

In the case of topological class diagrams where behavioral features (operations) are related with
topological relationship, multiple topological relationships can be merged by listing cause and
effect behavioral features together with their identifiers on the ends of relationship (identifier
for related behavior features on both ends of relationship is the same). Identifiers are local to

one topological relationship; it can be any user-specific symbol.

1 OperationAl 1 OperationB1
2 OperationA2 2 OperationB2
Class A 3 OperationA3 3 OperationB3 Class B
= »-

OperationA2 is related to OperationB2,
both share the same identifier — 2
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Logical relationship in TopUML is reflected by stereotype LogicalRelationsip.

Specification of LogicalRelationsip is given below in Table “Specification of stereotype

LogicalRelationsip”.

Specification of stereotype LogicalRelationsip

Clause Specification
Description Logical relationship represents a logical relation between two or more topological relationships.
It extends «metaclass» Relationship.
Attributes e +id:string [1]

o Specifies the identifier of logical relationship.
e +relationType : RelationType [1]
o  Specifies the type of logical relation; defined values: and, or, and xor.

Associations

No additional associations.

Constraints

[1] Minimal count of related elements is two (i.e., relatedElement : Element [2..*]).

[2] relatedElement can be only of type TopologicalRelationship.

[3] Related topological relationships should belong to TFM (an instance of
TopologicalFunctioningModel).

[4] Either target element or source element of related topological relationships should be the

same.
Semantics Logical relationship represents logical relation between two or more topological relationship
belonging to TFM (an instance of TopologicalFunctioningModel). It can show conjunction
(and), disjunction (or), and exclusive or (xor).
Notation Logical relationship is drawn as solid line connecting related topological relationships. If

topological relationship is included in logical relationship, a point is set on the place where line
representing logical relationship crosses arrow representing topological relationship. Next to

the line of logical relationship is added label denoting the type of it.

Topological relationship M e ‘ g
Logical relationship
° |
AND--— . Type of logical
relationship

Topological Structure Package

The topological structure package contains all additional structure elements that are

created by TopUML profile. These elements provide the necessary constructs to create

Topological functioning model, Topological class diagram, and Topological use case

diagram. The elements introduced are used across multiple diagram types thus making

TopUML profile more compact and without needless constructs. The topological structure
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package is given below in Figure ‘“TopologicalStructure package” as package

TopologicalStructure.

]

TopologicalStructure

<<metaclass>> <<metaclass>>
Class Operation
<<stereotype>> <<stereotype>>
TopologicalCycle TopologicalOperation

+isMain : boolean +functionalFeature : FunctionalFeature
+order : int +preAction : TopolgicalRelationship
+relationship : TopologicalRelationship +postAction : TopolgicalRelationship
+functionalFeature : FunctionalFeature

TopologicalStructure package

Topological cycle in TopUML is reflected by stereotype TopologicalCycle.

Specification of TopologicalCycle is given below in Table “Specification of stereotype

TopologicalCycle”.

Specification of stereotype TopologicalCycle

Clause Specification
Description Topological cycle represents directed functional cycle of system; it consists of elements and
relationships between them. Extends «metaclass» Class.
Attributes e +isMain: Boolean [1]

o Indicates if cycle is main functioning cycle of system.
+ order : Integer [1]

o Shows the order of functioning cycle.

Associations

+ relationship : TopologicalRelationship [2..*]
o Contains all topological relationships belonging to this functioning cycle.
+ functionalFeature : FunctionalFeature [2..*]

o Contains all functional feature belonging to this functioning cycle.

Constraints

(1]
(2]

Only one main functional cycle is allowed in system.

Can contain elements and relations between them which form the oriented cycle.

Semantics

It is acknowledged that every business and technical system is a subsystem of the environment.
Besides that a common thing for all system functioning should be the main feedback,

visualization of which is an oriented cycle. Therefore, it is stated that at least one directed
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closed loop (main functioning cycle) must be present in every topological model of system
functioning. It shows the “main” functionality that has a vital importance in the functioning of
system, i.e., by interrupting the main cycle the system can no longer function or its functioning
is deformed.

Notation

There is no general notation for a TopologicalCycle. It is formed by elements and relationships
between them.

Presentation

Options

The main topological cycle (isMain = true) can be highlighted by drawing bolder lines of

relationships belonging to it.

Examples

Example shows diagram with two cycles — one main cycle and one ordinary cycle.

Topological operation in TopUML is reflected by stereotype TopologicalOperation.

Specification of TopologicalOperation is given below in Table “Specification of stereotype

TopologicalOperation”.

Specification of stereotype TopologicalOperation

Clause Specification
Description Topological operation is extension of «metaclass» Operation which is a behavioral feature of a
classifier that specifies the name, type, parameters, and constraints for invoking an associated
behavior, and related functional features and topological relationships for specifying cause-and-
effect relations within system.
Attributes No additional attributes.

Associations

o + functionalFeature : FunctionalFeature [1]

o Reference to functional feature which specifies this operation.
e + preAction : TopologicalRelationship [0..1]

o  Specifies relationship to cause action for this action.
e + postAction : TopologicalRelationship [0..1]

o  Specifies relationship to effect action of this action.

Constraints

[1] If topological relationship specifying cause action belongs to main functioning cycle
(preAction.isMain -> true), then this operation cannot be suppressed.
[2] If topological relationship specifying effect action belongs to main functioning cycle

(postAction.isMain -> true), then this operation cannot be suppressed.

Semantics

Topological operation is a behavioral feature of classifier that specifies the name, type,

parameters, and constraints for invoking an associated behavior, and related functional features
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and topological relationships for specifying cause-and-effect relations within system, thus
allowing a cause-and-effect relations to be modeled within the system by means of behavioral
features (e.g., in topological class diagram).
Notation No additional notation — uses the same as extended «metaclass» Operation.

Topological Behavior Package

The topological behaviors package contains all additional behavioral constructs that

are created by TopUML profile that are necessary to create Topological Functioning model,

Topological Class diagram, and Topological use case diagram. The relations introduced are

used across multiple diagram types thus making TopUML profile more compact and without

needless constructs. The topological behaviors package is given below in Figure

“TopologicalBehavior package” as package TopologicalBehavior.

TopologicalBehavior

<<metaclass>> <<metaclass>> <<metaclass>>
Behavior Constraint NamedElement
<<stereotype>> <<stereotype>> <<stereotype>>
FunctionalFeature Condition ActionResult
+action : string +id : string +result : string
+actionResult : ActionResult +condition : string +affectedClass : Class
+class : Class +opposite Condition : Condition

+newState : State
+cycle : TopologicalCycle

+entity : Actor <<enumeration>>
+executorlsSystem : boolean Subordination
+id : string +inner

+object : string +external

+operation : TopologicalOperation

+postCondition : Condition
+preCondition : Condition
+subordination : Subordination

+islnput() : boolean
+isOutput() : boolean

TopologicalBehavior package
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Functional feature in TopUML is reflected by stereotype FunctionalFeature.

Specification of FunctionalFeature is given below in Table “Specification of stereotype

FunctionalFeature”.

Specification of stereotype FunctionalFeature

Clause Specification
Description Stereotype FunctionalFeature extends «metaclass» Behavior and is an abstraction of functional
feature.
Attributes e +action : String [1]

o Action performed by object (see attribute this.object).
e+ executorlsSystem : Boolean [1]
o Indicates if execution of action A could be automated (i.e., performed without human
interaction).
e +id: String [1]
o ldentifier of functional feature.
e +object: String [1]
o Object that receives the result or that is used in action A (for example, a role, a time
period, a catalogue, etc.).
e +subordination : Subordination [1]

o Specifies subordination of functional feature, can be inner or external.

Associations

e +actionResult : ActionResult [0..1]
o Result of action (this.action) performed by object (this.object).
e +class: Class [0..1]
o Represents object (this.object) in static viewpoint of system (can be specified when the
class diagram is synthesized).
e +newState : State [0..1]
o Represents the new state of object (this.object) after performing action (this.action).
e +cycle: TopologicalCycle [0..*]
o  Shows the functioning cycles to which this functional feature belongs.
e +entity : Actor [1]
o Entity responsible for performing action specified by this functional feature.
e + operation : TopologicalOperation [0..1]
o Specifies functionality defined by action (this.action). Operation can be specified
when the class diagram is synthesized.
e + preCondition: Condition [0..*]
o Set of preconditions, where precondition can be an atomic business rule.
e+ postCondition : Condition [0..*]

o Set of postconditions, where precondition can be an atomic business rule.

Constraints

[1] Each functional feature is participating in at least one topological relationship either as a
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target or as a source.

[2] In order for control flow to enter into functional feature, if any precondition is present it
should be evaluated to true.

[3] In order for control flow to leave functional feature, if any postcondition is present it

should be evaluated to true.

Additional

Operations

e +islnput() : boolean
o Check if functional feature is input functional feature.
e +isOutput() : boolean

o Check if functional feature is output functional feature.

Semantics

Functional feature is a description of an atomic business action (i.e., it cannot be separated into
a number of other business actions). Each functional feature is a unique tuple (stereotype

FunctionalFeature is an abstraction of this tuple).

Notation

Functional feature is represented in a form of circle with label inside showing identifier of it.

@

Presentation

Options

Functional feature can be represented as a class showing its stereotype name
«FunctionalFeature» above the identifier or identifier with action of functional feature. The

format of displaying functional feature name is as follows: <id>[: *<action>]

«FunctionalFeature» «FunctionalFeature»
7 7: Checking due date

Precondition and postcondition in TopUML are reflected by stereotype Condition.

Specification of Condition is given below in Table “Specification of stereotype Condition”.

Specification of stereotype Condition

Clause Specification
Description Condition is an abstraction of pre- and post- conditions in system. It extends «metaclass»
Constraint.
Attributes e +id: String [1]

o ldentifier of condition.
e+ condition : String [1]

o Boolean expression written in natural language or machine readable language.

Associations

e + oppositeCondition : Condition [0..1]
o Relation to opposite condition of this condition, i.e.

this.condition = —this.oppositeCondition.condition

Constraints

No additional constraints.

Semantics

Condition shows preconditions and postconditions within system. To enter the execution of

behavior (e.g., functional feature) all preconditions of it should be true and to exit the execution
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of this behavior all postconditions should be evaluated to true. In the context of business system

a condition also can be atomic business rule.

Notation There is no notation for condition. It is shown only as attribute of functional feature.

Result of action in TopUML is reflected by stereotype ActionResult. Specification of

ActionResult is given below in Table “Specification of stereotype ActionResult”.

Specification of stereotype ActionResult

Clause Specification

Description Action result is an abstraction of result which is achieved by object performing action as

specified by functional feature. Extends «metaclass» NamedElement.

Attributes e +result: String [1]
o Textual description of result of action performed by object specified in functional

feature.

Associations | e  + affectedClass : Class [0..1]
o Related class which is affected by the result of action performed by object specified in

functional feature.

Constraints [1] Instance of ActionResult should belong to instance of FunctionalFeature.

Semantics Action result specifies a result of object’s action in functional feature specification. The action
result shows also affected objects during its execution. For example, by registering customer in

the registration journal a registration entry is created.

Notation There is no notation for condition. It is shown only as attribute of functional feature.

Topological Models Package

[

TopologicalModels
<<stereotype>>
<<metaclass>> < TopologicalFunctioningModel
Model +functionalFeature : FunctionalFeature

+cycle : TopologicalCycle
+relationship : TopologicalRelationship

+checkCycleStructure() : boolean
+checkConnectedness() : boolean
+checkLogicalRelationships() : boolean
+inputs() : FunctionalFeature *
+outputs() : FunctionalFeature *

TopologicalModels package
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The topological models package contains additional model that are introduced to UML

by TopUML profile — Topological functioning model. The topological models package is

given in Figure “TopologicalModels package” on previous page. Topological functioning

model in TopUML is reflected by stereotype TopologicalFunctioningModel, its specification

Is given below in Table “Specification of stereotype TopologicalFunctioningModel”.

Specification of stereotype TopologicalFunctioningModel

Clause Specification
Description TopologicalFunctioningModel is an abstraction of Topological functioning model in the
metamodeling terms; it extends «metaclass» Model.
Attributes No additional attributes.

Associations

e + functionalFeature : functionalFeature [2..*]
o Functional feature is an atomic business action (i.e., it cannot be separated into a
number of other business actions).
e +cycle: TopologicalCycle [1..*]
o Topological cycle represents directed functional cycle of system; it consists of
functional features and relationships between them.
e + topologicalRelationship : TopologicalRelationship [2..*]

o Topological relationships relating functional features.

Constraints

[1] Instances of TopologicalRelationship can relate only instances of FunctionalFeature (i.e.,
source and target of TopologicalRelationship can by only of type FunctionalFeature).

[2] TopologicalFunctioningModel should contain at least two elements of type
FunctionalFeature.

[3] TopologicalFunctioningModel should contain at least two elements of type
TopologicalRelationship.

[4] TopologicalFunctioningModel should contain at least one instance of type
TopologicalCycle.

[5] TopologicalFunctioningModel should contain one instance of type TopologicalCycle with

its attribute isMain set to value true (isMain = true).

Additional

Operations

e+ checkCycleStructure() : boolean
o Check that created model contains functioning cycles.
e + checkConnectedness() : boolean
o Check that all functional features are connected with cause-and-effect relationships.
e + checkLogicalRelationships() : boolean
o ldentify and set logical relations within model. In addition identification of logical
relations does an additional model checking by verifying correctness and allowance of
specified preconditions and postconditions.
e +inputs() : FunctionalFeature *

o Array of functional features that are input functional features
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(this.functionalFeature[].isInput).
e +outputs() : FunctionalFeature *
o Array of functional features that are output functional features

(this.functionalFeature[].isOutput).

Semantics

TopologicalFunctioningModel represents Topological functioning model (TFM) by using UML
metamodeling constructs. TFM is a mathematical model that shows functioning of a system in
the form of directed graph consisting of functional features and topology between them.
Functional features embed information of systems functioning and its structural description

while topology defines cause-and-effect relations between them.

Notation

Topological functioning model is displayed as a directed graph showing functional features as
circles and topological relationships (i.e., cause-and-effect relations) between them.
Topological relationship is denoted with solid line and filled arrowhead to the target (i.e.,
effect) functional feature. Additionally logical relations can be shown between topological
relationships. Logical relationship is drawn as solid line connecting related topological
relationships (connection with topological relationship is denoted by bold point). Topological

functioning model in diagram header is denoted with keyword tfm.
Logical relationship A

() L
OR \
e" ************ { Functit;nalfeature \

Style
Guidelines

The main topological cycle (isMain = true) can be highlighted by drawing bolder lines of
relationships belonging to it. Example shows diagram with two cycles — one main cycle and

one ordinary cycle.

7| isMain = false

Examples

tfm Data Synchronization System /
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Appendix 3
MAPPINGS BETWEEN TOPUML DIAGRAMS

Mappings between elements of TFM and elements of Communication and Sequence
diagrams are given below in Table “Mappings between elements of TFM and elements of

Communication and Sequence diagrams”.

Mappings between elements of TFM and elements of Communication and Sequence diagrams

TFEM element

Communication
and Sequence

diagram element

Description

Class specified by | Lifeline Each functional feature specifies object which is performing
functional feature action. During analysis of system object is specified by class.
Operation Message Each functional feature specifies an atomic business action which
specified by later is specified by topological operation.

functional feature

Sequence of | Message sequence | Message sequence number is denoted by the sequence number of
functional number* functional feature. The sequence of functional features is defined
features by problem domain expert.

Message order”

Logical relations

Message sending

concurrency

Logical relations in TFM give additional information about
execution concurrency of functional features, thus allowing to

define concurrency within Communication diagram.

T Communication diagram

2 Sequence diagram

Mappings between elements of TFM and elements of Activity diagram are given

below in Table “Mappings between elements of TFM and elements of Activity diagram”.

Mappings between elements of TFM and elements of Activity diagram

Activity diagram

TFM element Description
element
Action of object | Action Each functional feature specifies an atomic business action which
specified by is represented by action of object and later is specified by
functional feature topological operation. In activity diagram one action represents
one functional feature from TFM.
Cause-and-effect | Edge Functional features are connected by topological relationship

(i.e., topological)

relationship

which is represented by straight line with arrowhead at effect side

(i.e., it points from cause to effect). In activity diagram one edge
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Activity diagram

TFM element Description
element
represents one topological relationship from TFM.
Logical Decision and | Logical relations in TFM give additional information about
relationship  with | merge node execution concurrency of functional features and decision

xor  (and

type
partially or)

making within system. Thus exclusive or (xor) within Activity
diagram is represented with decision node and corresponding
merge node. Disjunction (or) is represented in a mixture of

decision and fork nodes.

Preconditions of

functional feature

Guards on edges
outgoing from

decision node

Preconditions of functional feature in TFM are represented as
guards on edges incoming to corresponding action in Activity

diagram.

Logical
relationship  with
type (and
partially or)

and

Fork

node

and join

Logical relations in TFM give additional information about
execution concurrency and decision making within system. Thus
conjunction (and) within Activity diagram is represented with
fork node and corresponding join node. Disjunction (or) is

represented in a mixture of decision and fork nodes.

Functional feature

Initial node

In basic scenario when input functional feature is transformed
into an action, an initial node is added before this action. In more
advanced scenario TFM can be split up in several parts and each
part represented by its own Activity diagram. In such case initial
node is added before action which is obtained from the input

functional feature of that TFM part.

Functional feature

Final node

In basic scenario when output functional feature is transformed
into an action, a final node is added after this action. In more
advanced scenario TFM can be split up in several parts and each
part represented by its own Activity diagram. In such case final
node is added after action which is obtained from the output

functional feature of that TFM part.

Mappings between elements of TFM and elements of Topological use case diagram

use case diagram”.

are given below in Table “Mappings between elements of TFM and elements of Topological

Mappings between elements of TFM and elements of Topological use case diagram

Topological use

TFM element case diagram Description
element
TFM or part of | Subject TFM itself defines subject of Topological use case diagram. If
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TFM element case diagram Description
element

TFM TFM is divided into parts according to subsystems then each part
of TFM defines the subject.

Entity of | Actor Actor is an entity of input and output functional features.

functional feature

Functional Use case Use case is defined by a set of functional features. All functional

features features within one set should be connected — there should be no
separated functional features. The set of functional features
included in one use case (i.e., the scope of use case) is denoted by
expert, by functional requirement, or by goal.

Topological Topological The topological relationship from input functional feature to the

relationship relationship descendant functional feature denotes topological relationship
pointing from actor to use case. The topological relationship from
predecessor of output functional feature to the output functional
feature denotes topological relationship pointing from use case to
actor.

Cause-and-effect | Relationship Relationship between Use cases are denoted by the existence of

(i.e., topological) | between Use | topological relationship between functional features belonging to

relationship cases use cases.

Logical Extend The type of relationship between use cases is denoted by the type

relationship relationship of logical relationship in TFM. The disjunction (or) and exclusive
or (xor) denote extend relationship between use cases.

Cause-and-effect | Include The type of relationship between use cases is denoted by the type

(i.e., topological) | relationship of logical relationship in TFM. The conjunction (and) denote

and logical

relationship

include relationship between use cases. If there is no logical
relationship between topological relationships in TFM, then it

indicates that there exist include relationship between use cases.

Mappings between elements of TFM and elements of Topological class diagram are

diagram”.

given below in Table “Mappings between elements of TFM and elements of Topological class

Mappings between elements of TFM and elements of Topological class diagram

TFEM element

Topological class

diagram element

Description

Class specified by

functional feature

Class

Each functional feature specifies object which is performing

action thus during analysis of system the object is specified by

188




TEM element

Topological class

diagram element

Description

class. A class in Topological class diagram represents one class
which is obtained by merging all functional features specifying

the same class.

Attributes of class

Attribute of class

Each functional feature specifies an atomic business action which
involves specification of affected data and data fields. Later this

information can be specified as attributes of corresponding class.

Operation of class

Each functional feature specifies an atomic business action which

later is specified by topological operation in TFM.

specified by
functional feature
Operation
specified by
functional feature
Topological
relationship

Topological

relationship

Topological relationship within TFM is drawn between two
functional features while in Topological class diagram it is drawn
between two topological operations. In fact each topological
operation is defined by one functional feature, so the topological
relationship is transferred 1:1 from TFM into Topological class

diagram.

Result of action
and class
specified by

functional feature

Association

An association within Topological class diagram can be added
between class specified by functional feature and class specified
by result of action of the same functional feature. By further
analysis of the action context an aggregation or composition can
be set of this association.

Mappings between elements of TFM and elements of State diagram are given below

in Table “Mappings between elements of TFM and elements of State diagram”. Each
functional feature specifies an object performing certain action. By transforming TFM into
State diagrams a set of State diagrams is obtained. The count of obtained State diagrams is

denoted by count of distinct objects specified by functional features.

Mappings between elements of TFM and elements of State diagram

TFM element State  diagram | Description
element
1. | Object state | State Each functional feature specifies an object performing certain
specified by operation. If during execution of this action changes the state of
functional feature object performing this action, functional feature specifies the new
state of the object. Object state from functional feature is
transformed into state in State diagram.
2. | Object state | Initial state When information from input functional feature is transformed
specified by into a state, an initial state is added before this state.
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TFM element State  diagram | Description
element

functional feature

Object state | Final state When information from output functional feature is transformed

specified by into a state, a final state is added after this state.

functional feature

Topological Transition If during execution of action specified by functional feature is

relationship changed the state of object performing this action then incoming
topological relationship defines transition from previous state to
the new state.

Operation Event Each functional feature specifies an atomic business action which

specified by later is specified by topological operation in TFM. If functional

functional feature feature specifies the new state of object, the operation is
transformed into the event triggering transition from one state to
another.

Operation Entry effect If current functional feature specifies the new state of object, the

specified by operation is transformed into the entry effect of this new

functional feature state.

Operation Exit effect If descendant functional feature specifies the new state of object,

specified by the operation of this descendant functional feature is transformed

functional feature

into the exit effect of current state.

Preconditions of

Guard condition

If current functional feature specifies the new state of object, the

functional preconditions of this functional feature are transformed into the
features guard conditions.
Logical Fork and Join A logical relation in TFM give additional information about

relationship  with
type (and
partially or)

and

execution concurrency of functional features, thus conjunction
(and) within State diagram is represented with fork and
corresponding join. Disjunction (or) indicates of possible fork

and join.
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Appendix 4
INFORMAL DESCRIPTION OF LAUNDRY FUNCTIONING

When a person arrives at laundry he announces his identification data to clerk and
gets checked by clerk. All laundry clients are registered. Registration is done by the clerk.
To become a registered client a person should fill out and submit client card form. Any
person, who is registered in the laundry client register and who has filled out client card is

considered as a client. If the person is not a registered client yet, the clerk performs the client

registration._If the client does not have the client card yet, the clerk makes it anew. The client

card bears the information about the client (name, surname and address) and every client
card has its own unique identification number. Registered clients with client card have the
right to use the services provided by laundry.

If a client wants to give linen for washing at laundry, he requests the linen
registration form from clerk. After creation of linen registration form, client gives linen to
clerk. Clerk then weights received linen and registers linen weight into linen registration
form. When weight of linen is registered clerk gives out linen registration form to the client.
Client then fills out all necessary data (linen type, requirements for washing, due date). After
client has filled out linen registration form, he gives it back to clerk. Clerk checks if it is

possible to wash linen till given due date. If it is not possible to fulfill washing request till

requested due date, clerk checks for nearest possible due date, announce it to client and gives

back linen registration form to client for filling out new due date. Client writes down new

due date and returns linen registration form back to clerk. After every 20 washing orders,

the client gets a discount for the 21% order. The discount amount is equal to 25% of the

average price of the previous 20 washing orders. If the discount is greater than the price for

21* order, the remainder of the discount is not transferred to the next washing order. If it is

possible to fulfill washing request till requested due date, clerk calculates price of the new

order and notifies the client. If the price is acceptable for client, clerk registers linen

registration form and assigns unique identification number to the order. Clerk prepares
receipt of the received order by filling out order unique identification number, due date, price
and weight of the linen and gives it out to client.

Received laundry washing orders are registered in the orders list. After registering
new order into orders list it is sorted to determine whether the order can be fulfilled by
using laundry’s washing machines. The order is passed for collaboration partner if dry-

cleaning is needed. To pass the order to collaboration partner a purchase order is created
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by clerk. Clerk assigns a number to purchase order and fills out purchase order with
necessary data (linen type and weight, requirements for washing, due date, order unique
identification number). Purchase order number is registered in linen registration form by
clerk. After purchase order is prepared, the linen gets transferred to collaboration partner
for washing. When collaboration partner returns washed linen, clerk makes a mark in linen
registration form that linen is received from collaboration partner and is ready for giving

back to client. If linen is washed by using one of laundry’s washing machines, clerk makes a

mark in linen registration form in which washing machine linen was washed and that linen is
ready for giving back to client. After completing an order it is took out from the orders list.
If client wants to take back washed linen, he provides receipt to clerk. After

receiving receipt clerk checks the order list whether or not the order has been fulfilled and

whether the client can get back linen. If the order is fulfilled clerk prepares invoice of

provided service and issues it to the client. After client has paid the invoice, clerk gives the
linen to client and makes a mark in linen registration form that linen has been given back to

client. If linen is returned to the client, clerk marks the fact of returning in the linen

registration form. If the linen was washed by the collaboration partner then after receiving a
payment from the client a bank transfer order is created and the amount as stated in purchase
order is paid to the collaboration partner.

Additionally the laundry can accept washing requests from collaboration partners.
The process of registering the washing request from collaboration partner is the same as for
clients (i.e., a linen registration form is created and filled out for each washing request). The
linen registration form is created and filled out when the collaboration partner submits
washing request. Since this washing request contains the linen type and weight the linen is
not weighted again. When the linen is received from collaboration partner the due date and
price of fulfilling the washing request gets wrote in the linen registration form. When the
linen registration form is completed a notice to the collaboration partner is sent. After the

linen has been washed the clerk makes a mark in the linen registration form that linen is

ready for returning and prepares an invoice. When the invoice is completed it is sent to the
collaboration partner. The washed linen is returned to the collaboration partner before the
invoice is paid. The invoice is paid after the client of collaboration partner has paid for the

washing to the collaboration partner. When the invoice is paid by the collaboration partner,

the clerk makes a mark in linen registration form that the invoice is paid.
The supplies of determents are monitored to ensure that linen washing within the

laundry’s washing machines is not interrupted. If the supplies are less than required for
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fulfilling washing requests for a month the determents are bought in the amount required to

fulfill washing requests for a quarter. Before the determents are ordered a list of required
items is composed. The determents are bought from the determents trader which is a
collaboration partner of laundry. The determents trader accepts also electronic orders which
should be in the form of structured text file. Determents trader confirms that he has received
the order. Together with ordered items a bill is received. The bill should be paid by
accountant in the term given on it.

A usage counter is assigned to each washing machine. The counter is incremented

by 1 for every time the washing machine is used for washing the linen. After the counter of

particular washing machine has exceeded 250 the washing machine gets serviced thus

ensuring continuity of the laundry operation and high quality of linen washing. The washing
machines are serviced by a service center (an agreement is signed between laundry and
service center). The agreement states that the provided services should be paid once in
month — at the 10" day of the next month.
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Appendix 5

FUNCTIONAL REQUIREMENTS AND SYSTEM GOALS OF THE

LAUNDRY SOFTWARE SYSTEM

Functional requirements of the laundry software system

ID Requirement

FR1 | The system should ensure that the linen in laundry gets placed for washing and issued after washing
only by registered clients.

FR2 | If a client is not registered in the laundry, the system should provision new client registration by setting
up a registration form for each new client.

FR3 | In client registration form it should be possible to register the client’s e-mail address.

FR4 | System should implement placement of new orders according to the process defined by the laundry
(including the preparation of registration form for order and unique identification number assignment).

FR5 | System should calculate the amount of discount for the client’s 21 washing request; the discount should
be applied to it.

FR6 | After client has placed new order for washing, the system should prepare and issue a receipt. Basing on
this receipt client will be able to get back its linen after washing.

FR7 | System should contain functionality which provides possibility to record in linen registration form if
linen is washed by laundry’s washing machines and if so then also which washing machine was used.

FR8 | System should contain list of orders of linen washing. The list should implement following
functionality: insertion of new orders, sorting of registered (inserted) orders, and removal of fulfilled
orders.

FR9 | After the fulfilled order has been removed from order’s list system should send e-mail notification to
client’s e-mail address (if the e-mail address is registered in client’s registration form).

FR10 | In order to receive washed laundry client must present the receipt of this order or present the received e-
mail from the laundry system.

FR11 | System should implement checking of order’s list to ensure if the given order has been fulfilled.

FR12 | The system should be able to prepare an invoice to client for used laundry services and it should be able
to mark in linen registration form that client has paid the issued invoice.

FR13 | System should enable to make a mark in linen registration form that linen is issued to the client.

FR14 | Washing requests should be accepted from collaboration partners according to the process defined for
clients, including the preparation of linen registration form.

FR15 | A notice should be prepared and sent to collaboration partner when the linen registration form is
prepared.

FR16 | After the linen has been washed a mark that linen is ready for returning in the linen registration form
should be made, and an invoice should be prepared and sent to the collaboration partner.

FR17 | The system should allow returning the washed linen to the collaboration partner before the invoice is

paid. When the invoice is paid by the collaboration partner, a mark in linen registration form should be
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ID Requirement
made stating that the invoice is paid.

FR18 | A monitoring and supplementing of the reserves of determents should be established. The system should
monitor the usage counters of washing machines and order a servicing of the particular washing
machine if the counter has exceeded 250.

FR19 | To ensure that the washing machines are accordingly serviced, the system should contain a register of
laundry’s washing machines. The register should contain following functionality:

e The increment of washing machine usage counter by 1 every time it is used to wash linen, and
e  When the washing machine is serviced, its usage counter should be set to 0.
System goals of the laundry software system
ID System goals

SG1 | Checking and registering clients

SG2 | Registering linen for washing

SG3 | Registering and receiving linen from collaboration partners

SG4 | Fulfilling registered linen washing orders

SG5 | Withdrawal of washed linen and charging client for laundry services after the completion of order

SG6 | Withdrawal of linen to the collaboration partner after fulfillment of order and receiving payment for the

washing services provided

SG7 | Ensure the continuity of the laundry operation by monitoring and ordering supplies of determents

SG8 | Ensure the continuity of the laundry operation by monitoring the usage of washing machines and ordering

servicing for them
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FUNCTIONAL FEATURES OF LAUNDRY FUNCTIONING

Appendix 6

ID |Object action (A) Precondition (PrCond) |Entity (E)
1. |A person arriving at laundry Person External
2. |Announcing personal identification data Person External
Checking of personal data with the laundry’s client
3. . Clerk Inner
register
) ) If the person is not
4. |Handing out client card form . Clerk Inner
registered yet
5. |Fulfilling client card form Person Inner
] ) If the person does not
6. |Preparing client card ) Clerk Inner
have the client card yet
7. |Client card issue to the client Clerk Inner
If the person is registered
8. |Authorizing client status (and) if the client has the|Clerk Inner
client card
9. |Requesting linen registration form If client has client card Client Inner
10. |Creating linen registration form Clerk Inner
11. |Giving linen to clerk Client Inner
12. |Taking linen from client Clerk Inner
13. |Weighting received linen Clerk Inner
14. |Registering linen weight in linen registration form Clerk Inner
15. |Giving out linen registration form to client Clerk Inner
Filling out linen registration form (linen type, )
16. ) ) Client Inner
requirements for washing)
17. |Filling out order due date in linen registration form Client Inner
o ] o If linen registration form|
18. |Giving back linen registration form to clerk o Client Inner
is filled out
19. |Checking due date Clerk Inner
If it is not possible to
20. |Giving back linen registration form to client fulfill washing till|Clerk Inner
requested due date
21. |Announcing nearest possible due date to client Clerk Inner
22. |Calculating price without discount of the new order Clerk Inner
23. |Checking the count of previous orders Clerk Inner
] ] _ ~|If it is 21 order of the
Calculating average price of the previous 20 washing| )
24, client or if 20 orders are|Clerk Inner

orders

made  after  previous
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ID |Object action (A) Precondition (PrCond) |Entity (E)
discount
Calculating 25% of the average price of the previous 20
25. ) Clerk Inner
washing orders
26. |Calculating price with discount of the new order Clerk Inner
) . ) . If the due date and linen
27. |Announcing the final price of the new washing order o Clerk Inner
weight is fixed
o ) ] If price is acceptable for
28. |Registering linen registration form ) Clerk Inner
client
29. |Assigning unique identification number to the order Clerk Inner
Preparing receipt of the received order by filling out
30. |order unique identification number, due date, price and Clerk Inner
weight of the linen
31. |Giving out receipt to client Clerk External
32. |Registering order in laundry orders’ list Clerk Inner
33. |Sorting order list Clerk Inner
If order can be fulfilled by
34. |Fulfilling order by using laundry’s washing machines  |using laundry’s washing|Clerk Inner
machines
Creating purchase order by filling out purchase order
35. |(linen type and weight, requirements for washing, due|If dry-cleaning is needed |Clerk Inner
date, order unique identification number)
36. |Assigning purchase order number to purchase order Clerk Inner
Registering purchase order number in linen registration
37. Clerk Inner
form
38. | Transferring linen to collaboration partner Clerk Inner
39. |Receiving linen from collaboration partner Clerk Inner
40. |Marking that linen has been washed Clerk Inner
41. |Taking out completed order from the orders list Clerk Inner
Marking in linen registration form in which machine
42. | Clerk Inner
linen was washed
If client wants to take
43. |Providing receipt to clerk back washed linen basing|Clerk Inner
on receipt
Checking the order list whether or not the order has
44, ) Clerk Inner
been fulfilled
45, |Preparing invoice of provided service If the order is fulfilled Clerk Inner
46. |Issuing invoice to client Clerk External
47. |Paying for received service according to invoice Client External
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ID |Object action (A) Precondition (PrCond) |Entity (E)
Noticing the payment of washing services in linen L
48. ] ] If the invoice is paid Clerk Inner
registration form
o ) . If the linen has been
49. |Giving out linen to client Clerk External
washed
50. |Receiving washed linen Client External
Marking in linen registration form that linen has been|If the linen has been
51. ) Clerk Inner
returned to client returned
) If the linen was washed by External
52. |Creating bank transfer order . Clerk
collaboration partner
53. |Paying to collaboration partner Accountant |External
o ] ] Collaboration|External
54. |Receiving linen for washing from collaboration partner
partner
s . Collaboration|External
55. |Submitting linen washing request
partner
Checking washing requests submitted by collaboration
56. Clerk Inner
partner
Filling out linen registration form for collaboration
57. ] Clerk Inner
partner washing request
) ) ) ~|If washing request was
Calculating price for collaboration partner washing )
58. made by collaboration|Clerk Inner
request
partner
Determining due date for collaboration partner washing
59. Clerk Inner
request
60. |Preparing notice of registered linen washing request Clerk External
61. |Sending notice to collaboration partner Clerk External
Marking in linen registration form that linen has been|If the linen has been
62. Clerk Inner
washed washed
If a washing request External
63. |Returning linen to collaboration partner submitted by collaboration|Clerk
partner has been fulfilled
o ] Collaboration|External
64. |Receiving the washed linen
partner
Preparing invoice for washing services provided to
65. ] Clerk Inner
collaboration partner
66. |Sending invoice to collaboration partner Clerk External
] o Collaboration|External
67. |Paying the invoice
partner
68. |[Making a mark in linen registration form that the|lIf the collaboration partner|Clerk Inner
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ID |Object action (A) Precondition (PrCond) |Entity (E)
invoice is paid has paid the invoice
If linen is washed by using
69. |Reviewing the supplies of determents laundry’s washing|Clerk Inner
machine
If the supplies are less
) . ) than required for fulfilling
70. |Composing a list of required determents ) Clerk Inner
washing requests for a
month
71. |Ordering required determents Accountant  |Inner
72. |Preparing the order of required determents Clerk External
73. |Submitting determents order to determents trader Clerk External
74. |Receiving confirmation of determents order submission Clerk Inner
o Determents |External
75. |Delivering determents order
trader
76. |Receiving ordered determents Clerk External
77. |Stocking up supplies of determents Clerk Inner
78. |Preparing bank transfer to pay bill for determents order Clerk External
79. |Paying the determents order bill Accountant |External
Increasing the usage counter of particular washing
80. ) Clerk Inner
machine
) o ) ~|If the usage counter of
Preparing order for servicing particular washing . ]
81. . particular washing|Clerk Inner
machine .
machine has exceeded 250
82. |Ordering servicing of washing machine Clerk External
. ) . Service External
83. |Servicing washing machine
center
Summarizing the costs of servicing washing machines External
84. Clerk
for a month
85. |Paying for servicing of washing machines Accountant |External
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Appendix 7

CLOSURING OF LAUNDRY FUNCTIONING TOPOLOGICAL SPACE

The example below illustrates how the closuring operation is applied over the set N in

order to get TFM of laundry functioning:

X3={2,3,4,8}

X4 = {3, 4, 5}

Xs = {4, 5, 6}

Xs = {5, 6, 7}
X;={6,7, 8}
Xs={3,7,9,29, 43, 51}
Xo={8, 9, 10}

X10 = {9, 10, 11}

X1 ={10, 11, 12}
X1 = {11, 12, 13, 57, 58}
X3 = {12, 13, 14}
X4 = {13, 14, 15}
X5 = {14, 15, 16}
X6 = {15, 16, 17}
Xi7 = {16, 17, 18, 21}
Xig = {17, 18, 19}
X19 = {18, 19, 20, 22}
Xa0 = {19, 20, 21}
Xz = {17, 20, 21}
Xa = {19, 22, 23}
Xos = {22, 23, 24, 27}
Xo4 = {23, 24, 25}
Xas = {24, 25, 26}
Xa6 = {25, 26, 27}
Xo7 = {23, 26, 27, 28}
Xag = {27, 28, 29}
Xa9 = {8, 28, 29, 32}

X30 = {29, 30, 31}

Xs2 = {29, 32, 33, 59}
Xa3 = {32, 33, 34, 35}
Xas = {33, 34, 42, 69, 77}
X35 = {33, 35, 36}

X6 = {35, 36, 37}

X37 = {36, 37, 38}

Xag = {37, 38, 39}

Xsq = {38, 39, 40}

X0 = {39, 40, 41, 42}
Xa1 = {33, 40, 41, 44, 62}
Xa2 = {34, 40, 42, 80}
Xy3 = {8, 43, 44}

Xas = {41, 43, 44, 45}
Xus = {44, 45, 46, 48}
Xqg = {45, 48, 49, 51, 52}
Xs1 = {8, 48, 51}

Xs6 = {55, 56, 57, 68}
Xs7 = {12, 56, 57}

Xsg = {12, 58, 59}

Xse = {32, 58, 59, 60}
Xe2 = {41, 62, 63, 65}
Xes = {62, 65, 66, 68}
Xeg = {65, 68, 56}

Xeo = {34, 69, 70}

X70 = {69, 70, 71}

X1 ={70, 71, 72}
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X77={74,76, 77, 78, 34}
Xgo = {42, 80, 81}
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Appendix 8

SEQUENCE DIAGRAMS REPRESENTING BEHAVIOR OF LAUNDRY

Sequence diagram “Checking and registering clients”

sd Checking and registering cIients)

| :Person | |

:ClientRegister

| | :ClientCardForm

—_

AnnounceData

I
CheckPersonData !
1

opt

[If the person is not registered yet]

AddNew |

AddEmailAddress
RegisterClient

ssign

CheckOrders

—
<—

I

I

I

A ClientID |
— I
I

I

Sequence diagram “Registering and receiving linen from collaboration partners”

sd Registering and receiving linen from collaboration partners)

|:Co||aborationPartner || :PartnerLinenRegForm || :OrdersList || :Linen |
avew | | |
| CheckPartnerOrders |
! AddData !
|
Receive

CalculatePrice

par

C

alculateDueDate

| AddOrder

I .

PrepareNotice
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Sequence diagram “Registering client linen for washing”

sd Registering client linen for washing)

| :ClientRegister || :LinenRegForm || :Linen |

Request

-

AddNew

|

Submit

I

Receive
<—
EEE——

| Weight
AddWeight |

|

| AddDueDate

Al

I
Submit I
I
I

CheckDueDate

ReturnToClient
[ I
GetNearestDueDate

opt [If itis not possible: to fulfill washing till requested due date]

J

CalculatePriceExclDiscount

CheckOrders

|
|
|
|
|
|
|
|
|
|
|
|
|
| L |
|
|
|
|
|
|
|
|
|
|
|
|

I

opt J [If it is 21st order olI the client orif 20 0

| CalculateAveragePrice

= |
CalculateDiscount

1 1
CalculatePricelnclDiscount

ders are made after previous discount]

—_— — — —— —5— —

CalculateFinalPrice

I

|  RegisterOrder
-

|_\

:Receipt || :OrdersList |

AssignlD

< =2

AddNew

AddOrder

|
I
I
I
I
I
I
I
| par
I
I
I
I
I
I
I

I
|
I
I
I

-

I I
I
.
[
|
I
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Sequence diagram “Fulfilling registered linen washing orders”

sd Fulfilling registered linen washing orders)

| :LinenRegForm | | :PartnerLinenRegForm | | :OrdersList | | :Order | | :PurchaseOrder | | :Linen |
T T T T T
[ [ [
alt i [If order received froml client] i } } }
I Sort I I I I
\ | | \ \ \
\ [ \ \ \ \
T T T \ \ \
[If order received from collaboration partner] \ \ \ |
\ [ Sort \ \ \ \
\ \ [ \ \ \
\ \ \ [ [ [
T T T | | |
[ [ [ [ [ [
alt J } [If order can be fulfilled‘i by using laundry’s wthing machines]} } }
} } UselaundryMachine } }
[ [ — [ [
| IMarkUsedMachine | [ [ [
\ \ \ | [ [
\ \ \ \ \ \
i [ [ [ [ [
} MarkAsWashed } } } } }
=— \ \ \ \ \
[If dry-cléaning is needed] } } } } }
‘ } } AddNew } }
[ [
‘ 1 — ‘
} } } AssignOrderNr}
} AddOrderNr E }
: : \
} TransferToPartner }
Il Il |
\ \ ‘
} } ReceiveFromPartner
[ [
} MarkAsWashed
T

[If e-mail address of cli‘ent has been registerei:l]

alt ‘

PrepareEmail |
| ‘
| | SendEmail
\ =
\ —
| | TakeOutOrder
\
!

TakeOutOrder

T
[If order received frorr? collaboration partner

| Supplement
\

[else]
opt J

T
|
|
|
|
|
|
|
I
|
|
|
|
|
|
T
t
T
|
|
|
|
|
|
|
|
|
e
|
T
|
|
|
|
T
|
|
|
|
|

0

Sequence diagram “Returning linen to partner and receiving payment”

sd Returning linen to partner and receiving paymeny

| :PartnerLinenRegForm | | :PartnerLinen | | :Partnerlnvoice |
: ReturnToPartner :
| Prepa.re |
[ [ |

N

| | | Send
| MarkAsPaid <<
[ [ |
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Sequence diagram “Returning linen to client and receiving payment”

sd Returning linen to client and receiving payment )

‘ :ClientRegister || ‘Receipt H :Emailletter H :OrdersList || :Invoice H :LinenRegForm ” :Linen || :BankTransferOrder
I T T T T T
alt [If client wints to take backjwashed linen basing on receipt]
| Submit : : |
——

|
| | CheckOrderStatus \
| | | |

|

|

|

|

f f f f t
[If|client wants to take back washed ljnen basing on e{mail letter] |
|

|

|

|

|

|

| Submit | |
f } = \
: : CheckOrderStatus

| -7-.\
| | | |
| | | |  AddNew
| | | =
| | | \ | -

ssue
| | | \ 15 p
: : : } } MarkAsPaid |
%

| | [ \ | | Issue
| | | \ | =
| | | \ | | MarkAslssued
| | | \ | =
| | | | |
| | | | |

| AddNewForWashing
| |

Sequence diagram “Monitoring and ordering supplies of determents”

sd Monitoring and ordering supplies of determenty
| Order | | :Clerk | | :DetermentsSupply | | :DetermentsOrder | | :BankTransferOrder
T T T T T
} Review } } }
\ T 1 \ \
| | | | |
} opt [If the supplie% are less than required fOIT fulfilling washing request‘s for a month]
} ‘ } AddNew } }
\ \ \ \ \
| | | T on |
Order
\ \ \ = ’ \
\ \ \ \ \
\ \ \ \
\ \ \ \
| | | par |
\ \ \ \
\ \ \ | N \
I I I | Prepare |
\ \ \ \
\ \ \ : \
\ \ \ — \
} } } I MarkAsReceived }
\ \ \ = \
\ \ \ \ \
\ \ [ \ \
} } GetDeterments } }
\ \ T | \
} } } Supplement } }
\ \ \ \ \
\ \ \ | \
} } } AddNewForDeterments }
‘ ‘ L L |
| f f f f
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Sequence diagram
“Monitoring the usage of washing machines and ordering servicing for them”

sd Monitoring the usage of washing machines and ordering servicing for then%

| :LinenRegForm || :MachineRegister || :ServicingRequest | | :BankTransferOrder |
T T T

IncrementCounter } } }

1
| | |

opt /) lIf the usage counter of wéshing machine has exceedied 250]
\ \ \

Prepare

IAddNewForMaintenance

|
|
|
|
|
|
|
} ‘ Order
|
|
|
|
|
|
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Appendix 9
LAUNDRY SYSTEM TOPOLOGICAL CLASS DIAGRAM

Person ClientRegister
MachineRegister Name Name
WashingMachine Surname Surname
+IncrementCounter() +AnnounceData() RegistrationDate
A OrderCount
AveragePrice
ClientCardForm g —— e e
i Name
+Prepare() f¥EDE > :i‘sagiz;zl(i:eh:t?g()) bt
+Order() +AddNew() +CheckOrders()
+AddData() +CheckOrdersCount()
+CalculateAveragePrice()
+CalculateDiscount()
YT creati;i;:!r;RegForm ’ +AddEmailAddress()
WashingMachine Weight
OrlderNumber LinenType
Price WashingReguirements Recelpt
+AddNewForWashing() < DueDate Linen UniquelD
+AddNewForDeterments() NearestDueDate Weight CompletionDate
+AddNewForMaintenance() Pr!ce o lsTransferedToPartner Pm.te L
PriceWithDiscount _’ IsReceivedFromPartner Woight
A FinalPrice LinenType +AddNew()
UniquelD ‘_ WashingRequirements +Issue()
DetermentsOrder OrderNumber e Submit) +Submit()
RequiredDeterments UsedWashingMachine +Receive()
IsReceived IsPyaid +TransferToPartner()
+AddNew() - +ReceiveFromPartner()
+Order() +Issue() PurchaseOrder
+Prepare() +Request() Notice
+MarkAsReceived() +AddNew() LinenType
+GetDeterments() +AddWeight() < Weight
+Issue() WashingRegquirements
+AddClientData() Invoice DueDate
T i +AddDueDate() UniquelD UniquelD
[+Submit() Price OrderNumber
+CheckDueDate() IssueDate
DetermentsSupply +ReturnToClient() <_4 AddNew() ::dd}Neg(()j N
RemainingAmount +GetNearestDueDate() etesun(l ssignOrderNr()
+Review() +CalculatePriceExclDiscount()
+Supplement() [+ CalculatePricelncIDiscount() 7 ?
+CalculateFinalPrice() \A 4
*Regisle'r)Order() OrdersList
+AssigniD() LinenT
Partnertinen +AddOrderNr() Washi:gplgequiremenls
+Issue() + MarkUsedMachine() P iquen
*MarkAsWashed() CollaborationPartner
+MarkAsPaid() ‘_| CustomerID
PartnerLinenRegForm +MarkAslssued() Order EMailAddress
LinenType +
WashingRequirements > DusDate A +ggi8mer()
Price +UselLaundryMachine() + TakeOutOrder()
DueDate < +CheckOrderStatus()
Notice +CheckPartnerOrders()
IsWashed P +PrepareEmail()
IsPaid Partnerinvoice +SendEmail()
+AddNew() Price
+AddData() IssueDate
+CalculatePrice() +AddNew()
+CalculateDueDate() <« +Issue()
+PrepareNotice()
+MarkAsWashed()
+MarkAsPaid() <
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Appendix 11
SPECIFICATION OF ENTERPRISE DATA SYNCHRONIZATION

SYSTEM

Informal System Description

Scheduler every five minutes reads configuration data from configuration file.
Configuration data includes following parameters: connection information of input data
source, username and password for reading input data, flag to indicate if data should be taken
from input data source, time at which to make import from input data source, connection
information of target data source, username and password for editing data in target data
source, path to import files folder, path to log folder.

After configuration data is read, scheduler checks if import from source data base
should be performed. Import from source data base is performed at specified time which is
given in configuration data as parameter. If import should be performed from source data

base, then scheduler reads all data from source data base by using query statement given in
configuration file. After all data is read, scheduler checks if read data structure is according
to specification. Data from source data bases has following structure: surname, forename, job
title, address, e-mail address, telephone number, gender, start date, expiry date, department,

and company code. If data structure is according to specification, then scheduler puts the read

data into temporal internal table. After converting read data to temporal internal table every
row from this table is imported into target data base.

After configuration data is read and import from source data bases is performed (if
needed), scheduler checks import folder. If CSV file (the import file) is found in that folder,

scheduler reads the import file. Import file has following structure: surname, forename, job
title, address, e-mail address, telephone number, gender, start date, expiry date, department,
and company code. Scheduler then checks that read import file corresponds to predefined

import file structure. If import file structure is according to specification, then scheduler

converts the read data into temporal internal table. After converting read data into temporal
internal table every row from this table is imported into target data base. If import file
structure is not prepared according to specification, the import file is skipped, moved to

processed files folder and a log file is created in log files folder stating that particular import
file was not imported into target data base.
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For every row scheduler checks if data from a particular row already exists in target
data base. If data from the particular row exists then update of existing data is performed in

target data base. If data from the particular row does not exist then insert of new data is
performed in target data base. By updating or inserting data in target data base scheduler
prepares log file in log files folder for every import file and for every time data is imported
from source data base. In log file is logged every data row from temporal internal table in
order to unify log files from different data sources. For every row from source data an import
status is logged. There are two import statuses: successful and error. Successful status is

logged when import is successful for particular row. Error status is logged when import is

not successful for particular row. If error is logged then error description also is logged in

order to allow data import manager to watch for un-imported data. After data import is
completed the log file is archived. After importing data from import file, the import file is

moved to processed files folder.

Functional Requirements

ID Requirement

FR1 | Employee data synchronization should be done between input data sources and target data source. This

requirement includes requirements FR1/[1-6]

FR1/1 | By starting synchronization process a configuration information should be taken from configuration file

FR1/2 | If needed, data from source data base should be taken

FR1/3 | Data should be taken from import files in CSV format

FR1/4 | If import CSV file is with wrong data structure, the processing of particular file should be skipped and
faulty import file should be logged

FR1/5 | All data obtained from either source data base or import files should be placed in target data base

FR1/6 | When importing data in target data base all rows from source data should be logged together with

import status for each particular data row.

Nonfunctional requirements

ID Requirement

NFR1 | Employee data synchronization mechanism should be implemented in a way that it runs every 5

minutes after previous data synchronization has been completed

NFR2 | Synchronization mechanism should run using Microsoft .NET Framework 4.0 [79]
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Appendix 12

FUNCTIONAL FEATURES OF ENTERPRISE DATA

SYNCHRONIZATION SYSTEM

ID | Object action Precondition Entity Object inner or
External
1 | Creating data synchronization Data import External
parameters manager
2 | Acquiring synchronization Configuration Inner
parameters Configuration
3 | Checking if import from Configuration Inner
source data base should be
performed Configuration
4 | Creating data in source data Source data External
base base
5 | Reading all data from source | If import should be | Scheduler Inner
data base performed from source
data base SourceDataSource
6 | Checking if read data structure Scheduler Inner
is according to specification Scheduler
7 | Putting the read data into | If data structure is | Scheduler Inner
temporal internal table according to
specification Scheduler
8 | Importing every row from Scheduler Inner
internal table into target data
base Scheduler
9 | Checking import folder Scheduler ImportFolder Inner
10 | Creating CSV import file Import file External
11 | Reading the import file If CSV file (the import | Scheduler Inner
file) is found in import
folder ImportFile
12 | Checking if import file data Scheduler Inner
structure is according to
specification Scheduler
13 | Converting the read data from | If import file structure | Scheduler Inner
import file into temporal | is according to
internal table specification Scheduler
14 | Skipping importing of import | If import file structure | Scheduler Inner
file is not prepared Scheduler
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Inner or

ID | Object action Precondition Entity Object
External
according to
specification
15 | Moving import file to Scheduler Inner
processed files folder ImportFile
16 | Creating log file in log files Scheduler Inner
folder Logger
17 | Writing into log file that Scheduler External
particular import file was not
imported into target data base Logger
18 | Receiving log file  for Data import External
unimported CSV file manager
19 | Checking if data from a Scheduler Inner
particular row already exists in
target data base TargetDataSource
20 | Updating existing data in | If data from the | Scheduler External
target data base particular row exists TargetDataSource
21 | Receiving updated information Target data External
base
22 | Insert new data in target data | If data from the | Scheduler External
base particular row does not
exist TargetDataSource
23 | Receiving new information Target data External
base
24 | Creating log file in log files | If data is read from | Scheduler Inner
folder  for  import file | import file
processing Logger
25 | Logging data row from Scheduler Inner
temporal internal table Logger
26 | Logging Successful status If import is successful | Scheduler Inner
for particular row Logger
27 | Logging Error status If import is not | Scheduler Inner
successful for
particular row Logger
28 | Logging error description If error is logged Scheduler Logger Inner
29 | Archiving log file If data import is | Scheduler External
completed Logger
30 | Receiving archived import log Data import External
file manager
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Name, Surname:

Appendix 13

SELF-EVALUATION QUESTIONNAIRE

Age:

Education:

University

Obtained degree

1.

2.

Additional education (e.g., professional courses, certifications, etc):

1.

2
3.
4

Modeling languages and notations:
Evaluate knowledge level in scale from 1 to 5, where: 1 — only theoretical knowledge or little
experience, 5 — great knowledge.

Modeling language/ notation Knowledge level
1. | Grapes BM (GRADE) 0102 030405
2. | Business Process Modeling Notation (BPMN) 01002 03 0405
3. | Data Flow Diagram (DFD) 0102 03 04 05
4. | Entity-Relationship Diagram (ER or ERD) 01020304 005
5. | Unified Modeling Language (UML) 01 02 03 04 O5
6. | Executable UML (xUML) 0102 03.04.05
7. | KAOS 01,02 03 04,05
1*
8. |i 01,02, 03, 04,05
9. | Enterprise Knowledge Development (EKD) 01 02 003 04 005
10. 01,0203 04,05
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UML diagrams:
Evaluate knowledge level in scale from 1 to 5, where: 1 — only theoretical knowledge or little
experience, 5 — great knowledge.

UML diagram type Knowledge level

1. | Class diagram O1,02,03,04,05

2. | Component diagram 01, 02,03, 04,05

3. | Package diagram 01,02 03,04, 05

4. | Activity diagram 01,02 03,04 05

5. | Use case diagram 01,02, 03,04 05

6. | State diagram O1,02,03,04,05

7. | Sequence diagram 01,02, 03,04 05

8. | Communication diagram 01,002,003 04,05

01,0203/ 04,05

10. 01,02, 03,004,005

Software development lifecycles:
Evaluate knowledge level in scale from 1 to 5, where: 1 — only theoretical knowledge or little
experience, 5 — great knowledge.

Software development lifecycle Knowledge level

1. | Waterfall (classical) 01 0203 04 05

2. | Iterative waterfall 01,002,003, 04,05

3. | V-type model 01,02 03, 04,05

4. | Prototyping 01,002,003, 04,05

5. | Rational Unified Process 01 02 03,004,005

6. | Model Driven Architecture 01,02 03,004,005

7. | Agile lifecycles (except Extreme programing) 0102 03 04 05

8. | Extreme programming (XP) (01. 002 03 4.5

01,02 030405

10. 01,02 030405
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Programming languages:

Evaluate knowledge level in scale from 1 to 5, where: 1 — only theoretical knowledge or little

experience, 5 — great knowledge.

Programming language

Knowledge level

1. |C

01,0203 04,05

2. | C++

01,0203/ 04,05

3. | Visual Basic

01,0203 04,05

4. | Visual Basic .NET

01,02 030405

5 | C# 11,02,03,04,5
6. | Java 01,02 03 04,05
7. | Python 01,02 03,004,035
8. | PHP 11,02 003,014,105
9. | Delphi 01,02, 03, 04,05
10.

01,02, 03,0405

Modeling tools:

Evaluate knowledge level in scale from 1 to 5, where: 1 — only theoretical knowledge or little

experience, 5 — great knowledge.

Modeling tool

Knowledge level

1. | GRADE

01,02, 03,0405

2. | IBM Rational Rose

01,02 030405

3. | Eclipse

01,02, 03,0405

4. | Microsoft Visio

01,02,03,/04,05

5. | Sparx Enterprise Architect

01,02 030405

6. | PowerDesigner

01,02,03,04,05

01,0203 04,05

Employer:

Position:

Number of employees:

Largest IT project (as participant): number of members
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Work experience in software development (years):

Main responsibilities at employer regarding software development tasks
(strike out unnecessary):

Responsibility

Technology/Approach/Language applied

1. | Software programming

2. | Designing of software systems
(including modeling)

3. | Data base programming

4. | Designing of data bases

5. | Data mining from data bases

6. | System analysis

7. | Software testing

8.

9.

10.

Technology/Approach/Language applied in practice:

Technology/Approach/Language

1
2
3.
4
5
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Appendix 14

CERTIFIED UML PROFESSIONAL CERTIFICATE
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