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Abstract 

Last decades of software development discipline have led to creation of sophisti-

cated software engineering methods that support companies and help them to be 

on par with very competitive software business environment. Supporting meth-

ods mentioned above are based on business processes known as software pro-

cesses or software engineering processes. The thesis summarized in this paper 

presents a combination of visual process modeling combined with formal 

knowledge representation support and enterprise integration in organizations. 

The thesis gives an overall insight to existing frameworks, languages, and meth-

ods generally used to capture knowledge, and processes and compares them with 

proposed solution. Author based the proposed software process framework on 

semi-formal and formal process modeling foundations with terminologically 

strong process meta-model behind; this combination offers rich modeling capa-

bilities of semi-formal methods extended with formal knowledge support. Pro-

posed solution is concluded with a methodology that meets desiderata of soft-

ware process and knowledge capture and modeling. The methodology over the 

formal knowledge framework for process representation includes modeling para-

digms and best practices that allow iterative approach, distinction of process 

models (static and dynamic), and enables simplified models creation, adaptation, 

refactoring, and verification. Case study showing features of the framework and 

application of the methodology is based on requirements management processes 

in a domain of healthcare information systems development. 

Keywords 

Business process, Enterprise framework, Formal process framework, Knowledge 

representation, Ontology, OWL, Process modeling, Requirements management, 

Software process, UML, Unified Modeling Language, Web Ontology Language 
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1. Introduction and Objectives 

This paper is a short survey on research results described in doctoral thesis 

Knowledge Support for Software Processes concerned in formal knowledge-based 

process modeling techniques. In this case, the application of knowledge layer is in 

the software process modeling. We developed a new process architecture method 

that meets following features that had been discussed in the thesis:  

 Modeling based on process meta-model terminology defined in a formal way; 

 Utilization of explicit reusable knowledge profiles; 

 Intuitive visual modeling method based on diagrammatic language capable of 

software process modeling based on process patterns; 

 Process models integration; 

 Process modeling methodology based on process meta-model designed in the 

thesis. 

 

The main topic of the thesis operates in complex area of software processes, pro-

cess modeling, process meta-models, and knowledge modeling; therefore the goals 

of the thesis lie in various partial domains of process modeling (specific objectives 

are in table 1): 

 First goal is a process meta-model proposal that would comply with different 

process abstractions and viewpoints; 

 Second goal is a knowledge modeling method for software processes that 

would use process meta-model as a terminological base; 

 Third goal is a visual notation and binding method proposal that would allow 

mapping of visual language (diagrammatic) elements to process meta-model; 

this approach should provide semi-formal visual modeling with simple utili-
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zation of knowledge elements and yet allow enterprise models integration 

aligned with process meta-model; 

 Fourth goal is a complete methodology describing how to model software pro-

cess in organizations with the process meta-model and knowledge support. 

Table 1: Software process modeling objectives 

Domain Objectives 

Facilitate Human 
Understanding 

- Ability to create readable and understandable process 
representations 

- Improvement of negotiation and communication 

about process 
- Provide process formalization 
- Offer information to allow process participants (indi-

viduals or teams) to take part in the process 
- Design a (process) training reference base 

Support Process 
Improvement 

- Identification of all process components like terms, 
participants, activities and their mutual relations of a 

software process 
- Focus on reusability of existing process elements 
- Estimate the impact of process change 
- Facilitate learning of organization in software process 

context 
- Provide controlled process evolution 

Support Process 
Management 

- Creation of a project-specific software process to 

adapt specific project characteristics (e.g. in product 
or organizational context) 

- Project planning 
- Process management, monitoring, and coordination 

- Development of process metrics 

Guidance in Perform-
ing Process 

- Facilitate human performance with process guides, 
suggestions and reference knowledge profiles 

- Design reusable process models in a storage 

 

The thesis comprises of three main parts – theoretical, practical, and appendices. 

This survey on the thesis summarizes mostly practical parts of the text and refers 

to the main text where needed. First part that follows after introduction concludes 

existing works (Chapters 2, 3, 4, and Appendix A of the main text), second part de-

scribes the results of the thesis – Formal Knowledge Software Process Framework 

(Chapter 5, Appendix B of the main text), and the third part describes the modeling 

disciplines and the methodology (Chapter 6, Appendix C of the main text). Survey is 

concluded with the final part – Summary and Conclusion. 



 

 5 

2. Knowledge Support for Software Processes 

The main text of the thesis covers current state of the art, theory and summary 

of existing approaches across Chapter 2 (comprehensive view on process modeling), 

Chapter 3 (summary and comparison of existing works with our approach), and 

Chapter 4 and Appendix A (theoretical foundations of essential languages and tech-

niques). The following section of the text briefly summarizes chapters 2, 3, 4, and 

Appendix A. 

2.1 Existing Work 

Software processes represent the core of any software house behavior (Workflow 

Management Coalition, 1999), (Aalst, 2003), (Dufresne, 2003), (Kosinar, 2015). The 

modeling of processes in organization is motivated mostly by process improvement 

and re-engineering, and audit purposes (Vergidis, 2008) and is usually approached 

with three main process perspectives – functional, behavioral, and structural, and 

captured with various techniques and languages – BPMN, IDEF, EPC, and UML 

(Eriksson, 2000), (Scheer, 2000), (Giaglis, 2001), (Allweyer, 2009), (Recker, 2009). 

Advanced utilization of software processes, nonetheless, requires formal methods 

to be introduced not only to the modeling method (and mechanisms) but into the 

whole modeling framework as well – a framework that comprise of modeling lan-

guage, modeling methodology, and mechanics (Scacchi, 1997), (Aalst, 1999), (Aalst, 

2003), (Czopik, 2014), (Kosinar, 2014). The introduction of formal methods is relat-

ed to general need of capturing unambiguous process models that would minimize 

possible information loss caused by unambiguous semantics of semi-formal model-

ing (this phenomenon is referred as the semantic gap in the main text). 

Some of existing projects and solutions utilize Petri Nets that are widely accepted 

in process modeling area for modeling of dynamic aspects of processes. Other pro-
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jects that aim for improved process adaptability utilize system based on logics like 

Prolog or OWL for modeling of various process aspects (Cihalova, 2011), (Cihalova, 

2014). 

Our research, however, focus on a different way of software process modeling en-

hancement – we have combined the modeling techniques with process meta-model 

(Hug, 2009), (Duzi, 2013) to improve the intuitiveness of the modeling, utilize reus-

able common vocabulary with knowledge layers, organizational terminology align-

ment, process models integration, and process modeling discipline based upon for-

mal knowledge modeling and process meta-model (Czopik, 2014), (Kosinar, 2014), 

(Kosinar, 2015). Following sections describe current state of the art in process mod-

eling area and eventually compare existing work with our approach. 

Knowledge Support in Software Engineering Process – S-01 

Software engineering methods are pretty complex activities – software processes 

focus on best practices, guidelines, and recommended pathways in software prod-

ucts and services development and maintenance. To some extent, almost every ex-

isting prescriptive process (Sommerville, 2007) includes within development phases 

activities like Business modeling, Requirements elicitation, Requirements prioritiza-

tion, Use case modeling, Analysis and Design, … – all these prior to the very soft-

ware products creation. Even though these activities mean extra workload in pro-

jects, they have actually very good justifications (Sommerville, 2007) – one of them 

is to support the development with precise blueprint models of the software prod-

uct. There are research works that had discussed utilization of knowledge profiles 

in software development – the endeavor is to support software modeling (in Model 

Driven Architecture) with formal knowledge systems (Bachman, 2007). Such ap-

proach has its advantages in providing yet another formal system to model software 

products. Whereas there exist formal methods of software modeling that can coexist 

and extend models created with UML diagrams, OWL has its share of features that 

can support the formal modeling methods like distinction of A-Box (assertions, indi-

viduals) and T-Box (terminology, concepts) terms, separated relationships defini-

tions, possibility to import existing knowledge profiles and extend them, and con-
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sistency check (Hesse, 2005) or support specific communication-centric phases of 

software development like Requirements Management with formal models of re-

quirements created with ontologies (Wang, 2011).  

Knowledge Support in Generic Professional Domains – S-02 

The previous scenario introduced knowledge models as a supporting tool for 

software products modeling. To some extent, the approach described in this scenar-

io is similar – it concerns utilization of formal knowledge as a tool for capturing nec-

essary requirements, terminology, and technical details in different professional 

domains like emergency procedures (Xu, 2008), construction processes (Benevolen-

skyi, 2012), or assembly processes (Imran, 2015). These works share similar way of 

capturing domain knowledge and – just like works in Scenario 01 – show benefits of 

having business domain terms and relations defined in a single knowledge system.  

Knowledge Alignment of Enterprise Processes – S-03 

We already emphasized that software process (no matter how complex, fragile, or 

even tacit) is a specialization of business process. Some state of the art works focus 

on business process modeling aligned with knowledge profiles in a way of utilizing 

UML as a modeling tool for OWL knowledge profiles creation; this case exploits class 

diagram as a graphical modeling tool for OWL that would be aligned with Petri Nets 

describing organizational dynamics (Brockmans, 2006).  

While the approach described above gives a great formal business process 

framework it yet remains too formal-centric – dynamic models in Petri Nets and ad-

ditional knowledge modeled in UML Class diagrams and (aligned with) OWL – other 

approach proposed by (Noguera, 2010) has chosen its original path based on 

AMENITIES meta-model and task based process modeling with UML Activity dia-

grams; both having their profiles described in OWL. Whereas this framework is 

powerful with attention to business process dynamics combined with formal 

knowledge, it has certain limitation that reduces its practical usage in software pro-

cess modeling – that would be the selected meta-model. Even further went the ap-
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proach that had included OCL as another formalization layer mapped onto process 

meta-model and modeling language meta-model (Cherfi, 2013). 

Other works by (Hepp, 2007) and (Lu, 2012) outline utilization of formal 

knowledge representations as a middleware between manual process modeling (with 

EPC or BPEL) and workflow execution; it uses formal knowledge rules to enrich 

process models with the competency questioning to support improved control of 

responsibilities in task instances executed in organizational workflow. 

Knowledge Modeling with Unified Modeling Language – S-04 

These sub-sections serve to summarize existing state of the art work in single 

shot without hopping between relevant modeling domains so the chapter could be 

closed with concrete objectives and selection of techniques and languages. We had 

given already an indication of choosing certain UML diagrams before; this brings us 

to works focused on combination of Unified Modeling Language and knowledge 

modeling methods. Most works related to modeling domain knowledge with UML 

support following activities: UML to OWL transformation (Viademonte, 2008), UML 

profile creation in OWL (Gasevic, 2004), (Djuric, 2005), UML models consistency 

check (Wang, 2006), and, concluded by, domain knowledge profile creation with 

UML (with the respective support of the previous activities) (Na, 2006). 

The described approach unfortunately does not fully comply with business pro-

cess modeling activities due to its focus on building generic domain knowledge 

model only – naturally it is not based upon a single meta-model (preserving the me-

ta level on generic layer that is, from our point of view, actually meta-meta-layer) 

and the UML profile is designed to satisfy the procedure of modeling OWL 

knowledge models with graphical notation of UML (while our approach is reverse to 

this one and set in the software process domain). 

Integration of Knowledge and Conceptual Models – S-05 

Every conceptual modeling method is based on a language used for creating the 

models and representing the results. One work (Fill, 2009) proposes knowledge-
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based conceptual modeling method that builds its basics on a meta-model that 

specifies the very modeling method meta-concepts.  

This single meta-model allows any conceptual modeling method to be supported 

with knowledge patterns due to mapping of knowledge elements on language com-

ponents (like syntax, semantics, notation, etc.) and modeling method (procedures, 

results, etc.). Extending any visual modeling language with extra knowledge gives 

an extra traceability on semantic level and offers improved documentation level of 

final conceptual models. Even though these could be from software process domain, 

this approach lacks proper business process meta-model that would allow complete 

independence of software process knowledge representation and visual modeling 

method. The approach of formalisms in enterprise modeling methods based on 

modeling framework meta-model is further discussed in (Bork, 2014). 

Every process modeling procedure ends and – (let’s assume its success) – results 

in models that describe the business, concepts, data, information, etc. from differ-

ent perspectives. Between the business size and models size is a relation of direct 

proportion and bigger organization might end with hundreds of models that can be 

uneasy to integrate. One renowned solution of conceptual and process models inte-

gration was proposed in (Zachman, 1987) as Zachman Framework; it has spread 

quickly and conquered the enterprise modeling as well-accepted matrix based ap-

proach of models integration (Frankel, 2003), nowadays supported by most model-

ing tools. 

Knowledge Support for Software Processes – S-06 

Like the heading suggests, following researches are most related to the approach 

proposed in this thesis; while the previous works were only more or less similar to 

our approach (but yet relevant) with certain parts and concepts reusable, the works 

described below are based on single meta-model aligned with its knowledge repre-

sentation, (software) process generation, and (RUP) artifacts traceability. 

Work proposed in (Liska, 2010), (Liska 2011) discusses Software Process Engi-

neering Meta-model (SPEM) aligned with formal knowledge profile and process visu-

al modeling language (take notice of particular similarities with Scenarios 03 and 
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05) – this combination allows process models and software project plans generation 

(Liska, 2010a) based on terminology described in Software Engineering Body of 

Knowledge (SWEBOK) (Bourque, 2014). Generation procedures have basics in for-

mal modeling of software projects (in OWL) in context of SPEM meta-model and 

SWEBOK contents; these (formal knowledge) models are then transformed into pro-

ject plans that can be validated with rules defined on meta-model and model layer. 

Similar, but more general approach has been designed upon meta-process patterns 

ontology by (Jlaiel, 2011) – in this case, the technique reuses certain process meta-

model profiles but focus on process patterns formats rather than process meta-

model. 

As a great addition to this approach could be discussed another independent 

work that proposes artifacts traceability in Rational Unified Process; this (yet an-

other SPEM based) knowledge support was described in (Noll, 2007) and focus on 

static aspects of RUP, namely knowledge alignment of SPEM meta-model and arti-

facts mentioned in requirements management activities – such an approach allows 

(just like previous) automatized transformations and validations (in this case is the 

validation enriched with types and traceability of artifacts ‘entering into’ and ‘result-

ing from’ activities). 

 

Figure 1: Schematics of Formal Software Process Framework 



 

 11 

 

Another approach that fits this Scenario (Rodriguez, 2010) focuses on functional 

aspects in agile software processes – its greatest benefits lies in formal modeling of 

software process methodology resulting in knowledge representation.  

2.2 Vision of Knowledge Support for Software Process Model-

ing 

In the main text of the thesis, we decided to utilize our own process meta-model, 

Web Ontology language as a formalization language, certain diagrams of Unified 

Modeling Language as a visual process modeling tool (Use-Case, Activity and Class 

diagrams), Zachman Framework as a basic approach for matrix-based results inte-

gration, and Rational Unified Process and Software Engineering Body of Knowledge 

(SWEBOK) as knowledge resources. Our approach is schematically presented in 

figure 1. 

Works referenced in scenarios 1 and 2 propose solutions for knowledge models 

utilization in products and services documentation with high level of formalization. 

Mentioned cases discusses knowledge life-cycle in domains of software products 

development, emergency services, and constructions processes; even though these 

are not that relevant in scope of our approach there are certain aspects that could 

be reused or at least mentioned – knowledge life-cycle and knowledge support in 

different professional domains.  

Approaches described in scenario 3 discuss knowledge alignment of business 

processes, some of them with utilization of the process meta-model and some with 

UML Activity diagrams based visual process modeling. These could be considered as 

complex frameworks, yet leaving space for further improvements in meta-model as-

pects, methodology in software process scope, and covering all process aspects with 

one framework – our approach addresses these issues and proposes detailed meta-

model for general business process modeling (yet compliant with software process), 

visual modeling profile for interpreting independent process knowledge profiles, and 

a methodology documenting these activities. 
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Works referenced in scenario 4 show utilization of Unified Modeling Language as 

a tool for knowledge modeling activities. Our work goes a different path (very briefly 

– Meta-model  OWL  UML and back) while this approach covers the reverse ap-

proach that proposes another method of building knowledge profiles (UML  OWL). 

Scenario 5 is similar to Scenario 03 with one major difference – existing works 

propose formalization of very conceptualization method (including language syntax 

and semantics, conceptual modeling methodology, modeling procedure). Our ap-

proach differs from this scenario in the modeling approach that is built on business 

process meta-model (rather than conceptual method meta-model) and aims at de-

tailed knowledge mapping of meta-model, visual modeling language and software 

process with preserving independence of software process formal knowledge profile 

and visual modeling language profile. 

Approaches described in scenario 6 were the greatest motivation for this thesis, 

yet our approach is based on a meta-model designed for all-purpose business pro-

cess modeling while works summarized in this scenario are based on task-based 

SPEM meta-model. Other differences are in focus on different process aspects – our 

approach aims at all-in-one approach. Last but not least is our focus on pattern-

based visual process modeling that puts emphasis on process optimization and 

reengineering methods (with further knowledge extension) and related methodolo-

gies (of knowledge capture, terminology and relationships augmentation, process 

modeling and optimization).  

Figure 2 depicts an application of different parts in software process modeling 

with knowledge support that is described in detail in Chapter 5 and Appendix B of 

the main text and summarized in the following part. 
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Figure 2: Full outline of the Formal Software Process Framework 

 



 

 14 

3. Software Process Formal Framework  

The knowledge process framework defined in the thesis comprises of three main 

parts – core framework (that consists of three layers), sandbox visual modeling, and 

models quality verification. 

3.1 Process Modeling Framework 

We open the specification of the core framework with the so-called Base Layer, 

which is the first out of three layers and where the rest are, analogically, Middle and 

Top layers; according to the modeling criteria defined in Chapter 2 of the thesis, 

they comprise of process meta-model (Base), explicit process model (Middle), and 

visual modeling notation (Top). 

Base Layer – Unified Process Meta-Model 

Although there are various process meta-models that could have been used as a 

core part of the base layer, we decided to design our own process meta-model since 

most of process meta-models were designed for single purpose – mainly to define 

terminology base for limited process aspects like behavioral terminology (activity 

oriented meta-models), structural terminology (context oriented and decision ori-

ented meta-models), etc.  

 To avoid any problems with convenient meta-model selection and customizations 

we had decided to propose completely new meta-model that would meet following 

desiderata: 

 Terminology augmentation that would provide all essential base terms and 

yet preserve the meta-model simplicity (less than 30 base concepts) and uni-

ty (whole meta-model can be – visually – presented as one without splitting); 
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 Compliance with other meta-models that allows at least one-way transfor-

mation of different meta-model base terms to the new one; 

 Unification and support of all fundamental process aspects in a single pro-

cess meta-model; 

 Unambiguous process terminology base that emphasizes equivalent terms in 

order to prevent misuse of any meta-model concept; 

 

Unified Process Meta-Model (augments and unifies base process terminology) had 

been designed to cover six process aspects that hold assorted base terms conven-

ient for complex business process observations and architecture – every aspect is 

sealed in different UPMM bases where every base aims at specific process view: 

 Process Dynamics is defined in the Core Base and may be considered a heart 

of whole UPMM based process modeling; 

 Process Control is covered with the Competence Base and supports the Core 

Base with responsibility, skill, and constraint modeling; 

 Process Resources is sealed within the Structural Base and intends to provi-

sion base terminology for modeling process related entities and resources; 

 Process Scope covers context oriented and intentional terminology that is de-

fined in the Context Base; 

 Process Exceptions terminology sealed in the Issue-mitigation Base provides 

common foundations for modeling exceptional states of processes; 

 Process Properties defined in the Common-support Base offers means for fur-

ther dynamic extension of UPMM based on concrete needs raised by stake-

holders. 

 

Figure 3 depicts simplified class model of the UPMM that provides complex base 

terminology for software process modeling and terminology. While its further appli-

cation lies in the middle layer and modeling discipline (both described below), it is 

described in detail in Chapter 5 and Appendix B of the main text. 



 

 16 

 

Figure 3: Unified Process Meta-Model 

Middle Layer – Explicit Process Knowledge Modeling 

Process-meta model can be used for classification and categorization of process 

terminology known in software process area in various knowledge resources (RUP, 

SWEBOK) or organizations that host the processes – the layer discussed in this sec-

tion concerns the shift from process meta-model (i.e. UPMM concepts/classes) to 

process model, or, to be more exact, explicit software process knowledge profile (i.e. 

UPMM assertions/individuals). 

While the setup of process meta-model may seem to be quite complex, its com-

plete alignment with organization terminology makes the explicit profile creation 

activities easier – it is based on identifying and capturing respective terms in organ-

ization followed by their compilation into formal knowledge profile. Terms must fit 

the process meta-model concepts and since process meta-model, the UPMM, con-

tains several relationships that enable multi-layer modeling, the terms are limited 
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to be classified in five granularity layers (with one extra sub-layer in tier four) – ta-

ble 2 presents all granularity levels that can be identified within UPMM. 

Table 2: Process abstraction levels 

Level Level Description Affiliation to Process Meta-Model  

1 Enterprise Software Process Levels Context, Intention 

2 
Core Process Level (within enterprise process, repre-
sented by executed or planned process instances) 

Process, Process Alternative, Goal 

3 
Sub-Process Level (processes executed within Core 
Process, hierarchically decomposed to other sub-
processes) 

Collaborative Processes decomposed 
from higher-level processes 

4 Tasks Level (tasks executed within sub-processes) 

Task, Issue, Task Alternative, Event, 

Object, Role/Group, Competence, 
Constraint limiting Tasks 

4A Atomic Tasks Level (further impartible atomic activities) Atomic Tasks decomposed from Tasks 

5 
Internal Rules and Constraints Level (extra constraints 
defined on internal – non-cooperative level) 

Process or Object Parameter, Con-
straint/Law limiting Atomic Tasks 

 

As the third column of the granularity table suggests, the main objective of the 

Middle Layer is an instantiation of the process meta-model with creation of individ-

uals that concretize specific sets of process meta-model represented with classes. 

Let’s say, for example, that our vocabulary identified limited set of terms including 

System Analyst, Develop Vision, Vision, and Requirements Attributes – these terms 

are ought to be classified and categorized with the assertion procedure in order to 

create respective knowledge profile: 

𝑅𝑜𝑙𝑒(𝑆𝑦𝑠𝑡𝑒𝑚𝐴𝑛𝑎𝑙𝑦𝑠𝑡) 

𝑇𝑎𝑠𝑘(𝐷𝑒𝑣𝑒𝑙𝑜𝑝𝑉𝑖𝑠𝑖𝑜𝑛) 

𝐷𝑜𝑐𝑢𝑚𝑒𝑛𝑡(𝑉𝑖𝑠𝑖𝑜𝑛) 

 

 This process is, however, not sufficient to finish full process profile – no 

knowledge documentation would be complete without complex identification and 

documentation of relationships that exist between process meta-model classes and 

therefore also between its instances: 

𝑃𝑒𝑟𝑓𝑜𝑟𝑚𝑠(𝑆𝑦𝑠𝑡𝑒𝑚𝐴𝑛𝑎𝑙𝑦𝑠𝑡, 𝐷𝑒𝑣𝑒𝑙𝑜𝑝𝑉𝑖𝑠𝑖𝑜𝑛) 

𝐻𝑎𝑠𝑂𝑝𝑡𝑖𝑜𝑛𝑎𝑙𝐼𝑛𝑝𝑢𝑡(𝐷𝑒𝑣𝑒𝑙𝑜𝑝𝑉𝑖𝑠𝑖𝑜𝑛, 𝑉𝑖𝑠𝑖𝑜𝑛) 

𝐻𝑎𝑠𝑂𝑢𝑝𝑢𝑡(𝐷𝑒𝑣𝑒𝑙𝑜𝑝𝑉𝑖𝑠𝑖𝑜𝑛, 𝑉𝑖𝑠𝑖𝑜𝑛) 

𝑀𝑜𝑑𝑖𝑓𝑖𝑒𝑑𝐵𝑦(𝑉𝑖𝑠𝑖𝑜𝑛, 𝑆𝑦𝑠𝑡𝑒𝑚𝐴𝑛𝑎𝑙𝑦𝑠𝑡) 

𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑖𝑏𝑙𝑒𝐹𝑜𝑟(𝑆𝑦𝑠𝑡𝑒𝑚𝐴𝑛𝑎𝑙𝑦𝑠𝑡, 𝑉𝑖𝑠𝑖𝑜𝑛) 
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The result of both modeling procedures, i.e. a software process knowledge profile 

as part of the framework’s Middle Layer, is a formal knowledge model above the 

UPMM that can be: 

 Fully documented with human readable description with use of annotation 

properties; 

 Inferred with compatible reasoners and so its logical structure can be 

checked for internal inconsistencies and tacit relationships can be revealed; 

especially the last named is a very useful feature since a reasoner can auto-

matically uncover undocumented details of process model that were missed 

but captured explicitly in process meta-model; 

 Interpreted as a logical structure that can be reasoned, queried and as an 

oriented graph that can be rendered and navigated with all required details 

(class, annotations, taxonomy, relationships) with a support of specialized 

tools (Glimm, 2014), (Solimando, 2014); 

 

Figure 4: Extract of explicit process profile – fully navigable graph structure 

 Figure 4 depicts an extract of process knowledge profile, extract that presents the 

small example above. The Middle Layer is the simplest part of the framework – at 

least from the formal point of view; yet, its greatest risks actually lie in analysts and 

modelers experience and expertise – with so many terms that must be identified, 

captured, and categorized, it is crucial that absolute minimum of categorization ac-
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tivities fail with terms either ending in wrong classes or being omitted completely – 

the topic of possible modeling issues is discussed in modeling methodology part of 

the thesis (Chapter 6, Appendix C) and in upcoming main part of this summary. 

Top Layer – Visual Process Modeling Notation 

The following text aims for visual process modeling that further utilizes the Mid-

dle Layer as described above. Since the explicit process profile, i.e. an instantiation 

of UPMM, describes a software process formally, the framework requires a notation 

that would use UML as a visual modeling base and allow compliant connection from 

explicit process profiles to semi-formal diagrammatic elements. The method we use 

in the framework, KOTR-S.CZ (code-named after authors), is a UPMM based bind-

ing of formal process profiles and visual notations; it contains binding and mapping 

rules for opened library of visual structures convenient for process modeling; i.e. it 

provides space for further expansion of the formal process framework with other 

visual modeling languages (BPMN, EPC) – UML4UPMM described in the thesis is 

the first mapping subset of KOTR-S.CZ. 

 The whole binding method of the Top Layer is abstract and approach UPMM and 

its instantiation as layers that are continuously enriched and extended within pro-

cess modeling tasks – figure 5 presents such layer-oriented look at the framework – 

the smallest and most stable is the UPMM base set; this set can be customized and 

eventually extended in an organization that is observed – this makes a base for the 

second layer, the Explicit Profiles that compile instances of the original UPMM and 

its customizations while the last layer, the Semi-Formal Visual Process Models Lay-

er, connects the explicit elements with diagrammatic notation according to the 

KOTR-S.CZ binding rules. The last layer can also add extra model parts that are not 

based upon explicit process profile (consequently going from explicit profiles to vis-

ual models is a one-way mapping as both layers have different expressive power in 

a sense of both syntax and semantics). 
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Figure 5: Framework layers relationships 

Every explicit profile element is a tuple that is defined as a process assertion that 

is a member of process knowledge profile. Formally defined as a 7-tuple: 

𝑃𝑟𝑜𝑐𝑒𝑠𝑠𝐴𝑠𝑠𝑒𝑟𝑡𝑖𝑜𝑛

= (𝑈𝑅𝐼, 𝑈𝑃𝑀𝑀 𝑇𝑦𝑝𝑒, 𝑁𝑎𝑚𝑒, 𝑃𝑢𝑏𝑙𝑖𝑐 𝐿𝑎𝑏𝑒𝑙, 𝐷𝑒𝑓𝑖𝑛𝑖𝑡𝑖𝑜𝑛, 𝑂𝑏𝑗𝑒𝑐𝑡 𝑃𝑟𝑜𝑝𝑒𝑟𝑡𝑖𝑒𝑠, 𝐷𝑎𝑡𝑎 𝑃𝑟𝑜𝑝𝑒𝑟𝑡𝑖𝑒𝑠) 

where: 

 𝑃𝑟𝑜𝑐𝑒𝑠𝑠 𝐴𝑠𝑠𝑒𝑟𝑡𝑖𝑜𝑛 ⊑ 𝐴𝐵𝑜𝑥, i.e. an individual of assertion box; 

 URI is a unique identifier within specific knowledge profile; 

 𝑈𝑃𝑀𝑀 𝑇𝑦𝑝𝑒 ⊑ 𝑇𝐵𝑜𝑥, i.e. class/type according to UPMM types; 

 Name is official name in a knowledge profile, is not localizable and should 

meet modeling conventions; 

 Public Label is a set of localizable human readable identifiers of specific 

knowledge profile element, public label is a subset of annotation properties; 

 Definition is a set of localizable human readable definitions of specific 

knowledge profile element, definition is a subset of annotation properties; 

 𝑂𝑏𝑗𝑒𝑐𝑡 𝑃𝑟𝑜𝑝𝑒𝑟𝑡𝑖𝑒𝑠 ⊑ 𝑅𝐵𝑜𝑥, i.e. roles the individual/assertion is actively in; 

 Data Properties are element specific attributive slots that hold various pro-

ject-oriented values (Process can be described, for example, by Cost and Ef-

fort Estimation); 

 

Sticking to System Analyst example, its (partial) tuple definition would look like: 
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𝑆𝑦𝑠𝑡𝑒𝑚 𝐴𝑛𝑎𝑙𝑦𝑠𝑡

= (𝑘𝑛𝑜𝑤𝑙𝑒𝑑𝑔𝑒𝑃𝑟𝑜𝑓𝑖𝑙𝑒𝑋: 𝑆𝑦𝑠𝐴𝑛𝑎𝑙𝑦𝑠𝑡, 𝑅𝑜𝑙𝑒, 𝑆𝑦𝑠𝑡𝑒𝑚𝐴𝑛𝑎𝑙𝑦𝑠𝑡, {En:System Analyst},

{{𝐸𝑛: 𝐼𝑡 𝑖𝑠 𝑎𝑛 … }, {𝐸𝑛: 𝐶𝑜𝑚𝑝𝑎𝑡𝑖𝑏𝑙𝑒 𝑤𝑖𝑡ℎ 𝑅𝑈𝑃}}, {𝑃𝑒𝑟𝑓𝑜𝑟𝑚𝑠(𝑆𝑦𝑠𝑡𝑒𝑚𝐴𝑛𝑎𝑙𝑦𝑠𝑡, 𝐷𝑒𝑣𝑒𝑙𝑜𝑝𝑉𝑖𝑠𝑖𝑜𝑛)}, ∅) 

 

This process model notation is bound to visual modeling elements with a map-

ping that comprise of four main rules – Conceptual & Role Mapping, Primary Identi-

fication Mapping, Definition Mapping, and Auxiliary Mapping: 

 Conceptual & Role Mapping provides mapping of selected diagrams meta-

model elements to Unified Process Meta-Model concepts and roles; e.g. Ac-

tivity Diagram’s Activity is mapped onto UPMM Process, Task, and Alterna-

tive while Object Flow is mapped onto Perform (Role performs Task). Con-

crete UPMM type is in UML identified with stereotype; 

 Primary Identification Mapping links URI, Name, and Public Label with the 

diagrammatic element, although the first two mappings should be invisible in 

default and shown on demand (for example as a note) and only the last one 

is ought to be presented to users according to localization setup (English, 

Dutch, Czech). Public Label is in UML mapped onto elements identifiers; 

 Definition Mapping allows definition-specific annotation properties mapping 

onto elements in a similar way as URI and Name are mapped – in default 

they should not be presented to users, but shall be available on demand as a 

note or background documentation; 

 Auxiliary Mapping provides mapping of concept specific data properties onto 

visual language parameters such as UML Class Diagram attributes; 

 

The whole process of the Top Layer realization with KOTR-S.CZ binding is based 

on capturing all assertions of a project specific knowledge profile and providing 

Sandbox Modeling Pool that allows sandbox (process patterns based) process mod-

eling. Figure 6 depicts an example process model created with UML4UPM notation 

subset of KOTR-S.CZ – following section discusses mapping rules and overall inte-

gration of all three framework layers with the so-called Sandbox Visual Process 

Modeling. 
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Figure 6: Activity Diagram UPM mapping 

3.2 Sandbox Visual Process Modeling 

Sandbox visual process modeling and process models integration, also known as 

pattern based process modeling, described in upcoming subsections concludes 

knowledge-based software process framework with mapping rules of UML4UPM and 

proposal of integration matrix that provides classification of different model levels 

with UPMM classes within different perspectives. 

Mapping Knowledge Elements to Process Models 

The mapping rules of UML4UPM onto UPMM is the part of the Top Layer that ac-

tually allows added-value process modeling with knowledge support without typical 

obstacles of formal approaches – figure 7 depicts the two sides (process meta- and 
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process model) of the framework covering all three layers and the whole mapping 

strategy. 

 

Figure 7: Mapping of UPMM, UML4UPMM, and explicit process profile 

The modeling framework utilizes Activity Diagram, Use-Case Diagram, and Class 

Diagram and UML4UPM pre-defines set of mapping rules that can be divided into 

two sets: 

 General rules that apply to URI, Name, and Definition (invisible background 

information), UPMM Type identification (stereotype), and Public Label (dia-

gram element name); 

 Diagram-oriented rules that apply to specific visual elements and their parts 

which cover specific elements mapping onto UPMM Types (UML meta-classes 

mapped onto UPMM classes) or Object Property (UML meta-class mapped on-

to UPMM roles), and Data Properties (UML meta-class attribute mapped onto 

UPMM data properties); 

 

Detailed documentation of the mapping is in Chapter 5 of the main text since the 

mapping rules are vastly space consuming. 
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Enterprise Integration 

Final part of the framework design proposes results enterprise integration based 

upon Unified Process Meta-Model categorization. The integration matrix proposed in 

the thesis had been designed with Zachman Framework-like structure, reuses vari-

ous layers the framework (rows), combines them with all supported process per-

spectives (columns) and concludes the integration with distribution of different re-

sponsibilities involved in process modeling in organizations. This form of results 

integration brings various advantages that are discussed in Chapter 5 of the main 

text, but most important are namespace and responsibility distributions. 

Table 3: UPMM Based Models Integration 

Enterprise 
Integration 

Who 
Roles and 
Compe-
tences 

What 
Functions  

and  
Objects 

How 
Process 
Flows 

When 
Time and 

Events 

Where 
Context 

Why 
Intentions 
and Goals 

Main Role 

Meta-Model 
(Terminological) 
Base Builder 

UPMM 
aligned 

with roles 
and com-
petence 
related 

terms 

UPMM 
aligned 

with 
structural 
and func-

tional 

terms 

UPMM aligned with 
process steps and issue 
resolution terminology 

UPMM aligned with 
contextual and inten-

tional terminology 

Process 
Theorist 

Scope 

(Contextual) 
Planner 

List of 
organiza-

tions, 

depart-
ments and 

people 

List of 
things 

involved in 
process 

List of 

business 
processes 

List of 
time event 

and 
schedules 

Business 

process 
location 

List of 

intentions 
and goals 

Process 
Practition-

er 

Explicit  
(Conceptual) 

Owner 

Structural 
model 

with roles, 
and com-

petences 

Semantic 
model 

with busi-
ness rela-

tionships 

Formal-
ized Tasks 
and Pro-

cesses 

Formal-
ized 

events and 

issues 

Formally 
defined 
contexts 
and sub-

contexts 

Goals 
aligned 
with in-

tentions in 

profile 

Process 
Analyst 

Visual  
(Semi-formal) 

Designer 

Functional and struc-

tural process models 

Behavioral business 

process models 

Functional and struc-

tural process models 

Process 
Modeler 

Monitoring 
(Feedback) 

Performer 

Presenta-
tion archi-

tecture 

Physical 
data mod-

el 

Workflow 
design 

Execution 
control 

structure 

Workflow 
deploy-

ment 

Rules 
design 

Process 
Reviewer 

UPMM Context 
Compe-

tence Base 

Core and 
Structural 

Bases  

Core and Issue-
mitigation Bases 

Context Base 

 

Enterprise 
Context 

 Operational 
Intentional 

Knowledge  
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3.3 Models Quality Verification 

The framework supports two major levels of models quality check – the first is 

classical verification and validation procedure, the second is a metric specific for 

the framework, known as UPMM Knowledge Index. 

UPMM and Process Profile Verification and Validation 

The first method we use within the framework contains two separate procedures 

that go hand in hand – Verification and Validation. Verification concerns formal 

consistency and formal rules obedience applied in the framework; in other words, 

verification process make sure that created models are made in compliance with 

given language grammars, formal conventions, therefore the models are stable and 

according to common modeling rules. Following framework parts can be verified: 

UPMM and its customizations, explicit process profiles, and visual models. 

It is obvious that any models that had not passed the verification check can be 

presented to a customer – if such situation occurs, poorly modeled parts must be 

corrected. Only then can be the model quality check passed to the next step – Vali-

dation. If the Verification focused on formal and language aspects of the models the 

Validation focuses on a consistency from customer viewpoints (note that verified 

model might not be valid); in other words, Validation aims for customers feedback 

and is performed on following levels: UPMM and terminology consistency, explicit 

process profiles, sandbox pool elements, visual models reviews. 

UPMM Knowledge Index 

UPMM holds many internal rules and constraints that limit its classes to be used 

in wrong context or relationship (e.g. Competence performing a task is obvious vio-

lation of predefined relationship between Role-Task-Competence). Simply said, 

there are three main violations (with different severity) that can occur in process 

models: 

 Captured visual element has lost its knowledge origin (poorly edited visual 

element) or had been created completely without knowledge background (new 

visual element); 
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 Captured explicit process assertion (individual) had been used or modified in 

a way that caused relationship destruction (overloading individual to behave 

as a different class or two classes at once; e.g. using Task in a relationship 

available only to Process would cause its destructive overloading – should it 

appear as a task, as a process, or both); 

 Captured explicit process assertion (individual) had been used or modified so 

it appears in different context than it was originally proposed (e.g. Require-

ments Analysis process had been designed to be executed within Process 

Host Organization in explicit profile but appears in different context in visual 

models). 

 

The framework provides convenient metric for checking the knowledge status of 

captured process models known as UPMM Knowledge Index – its determination is 

described in detail in the main text, but we should emphasize that it allows classifi-

cation of resulting models with various levels of knowledge integrity as: Defined, 

Out of Scope, Critical, and Corrupted. Example knowledge index application is in 

figure 8 with color marking of violated process elements. 

 

Figure 8: Activity diagram with corrupted elements 
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4. Unified Process Modeling Methodology 

While the Chapter 5 summarized in previous sections concludes the first parts of 

the thesis objectives, the framework itself does not define how exactly it should be 

used. Since the process modeling is very human-centric endeavor, the framework 

could not have been left without case studies and respective modeling discipline 

and methodology definition that would serve as an interface between the framework 

and organizations. Figure 9 depicts how is the framework approached in practical 

applications. 

 

Figure 9: Software Process Knowledge Framework Reference House 

4.1 Basic Modeling Discipline – Practices and Conventions 

Initial framework applications led to proposal of the so-called manifesto of 

knowledge process modeling that eventually crystallized into set of basic modeling 

discipline that consists of best practices and conventions. Since the best practices 
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(defined as a list of five imperatives) are more binding than conventions we should 

mention them in this summary and leave conventions in the main text only: 

 Utilize process meta-model and align base terminology;  

 Make good use of reference process and profile existing process solutions 

with chosen reference process;  

 Keep the modeling mechanisms independent;  

 Use visual modeling with knowledge background and use models integration;  

 Focus on continual process improvement and check models and changes 

traceability;  

4.2 Advanced Modeling Discipline – Methodology 

Application of the framework in companies had eventually led to a discovery that 

basic modeling discipline is not enough since the framework mixes various levels of 

formalization that caused certain confusion of involved specialists; Unified Process 

Modeling Methodology has been designed as an answer to address these problems. 

It comprises of two main dimensions – processes and iterations, processes can be 

further divided to core workflows and supporting workflows.  

 

Figure 10: Unified Process Modeling Methodology 

No matter what is the concrete iteration setup (recommended iterations setup is 

described in Chapter 6 along with the whole methodology), each iteration must be 

compliant with Basic Modeling Discipline rules, and follow processes and tasks de-
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fined within six main core workflows (processes) and two support workflows (see 

figure 10) that, in full synchronized combination, allow sound software process 

modeling with knowledge support and Unified Process Meta-Model: 

 Meta-Model Alignment; 

 Common Vocabulary Match & Map; 

 Reference Process Profiling; 

 Explicit Process Modeling; 

 Visual Process Modeling; 

 Process Integration & Improvement; 

 Tools, Environment & Project Management (support process); 

 Configuration & Change Management; 

4.3 Case Studies and Evaluation 

As mentioned above, it had been the methodology that eventually allowed exper-

imenting with the framework in software-houses – initial experiments had been 

based on ad-hoc approaches without process meta-model. Implementation of the 

best practices with UPMM and UPM methodology was tested in different case stud-

ies, but the major had been set in development of healthcare information systems. 

Requirements Management of Healthcare Information Systems 

Requirements management is quite complex part of software processes as re-

quirements gathering and elicitation activities are communication-centric and 

based on negotiations with software products stakeholders. Healthcare information 

systems are defined with requirements models created between software house and 

stakeholders located in hospitals and clinics – that implied need to unify terminolo-

gy between involved parties along with ability to define stable, rigid, and yet reusa-

ble process models. Whole case study had been approached as in following scenario 

(full case study details lie in Chapter 6 of the main text): 

 Gathering full set of software process modeling requirements at all involved 

parties; 

 Studies of available process meta-models; 
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 Unification of required base software process terminology (software house, 

partners, and reference process); 

 Proposal of Unified Process Meta-Model; 

 Terminology unification and middle layer modeling (further approaching 

software house and partners with UPMM and basic modeling discipline); 

 Top layer and process validation (creation of modeling space based on 

knowledge profiles, preparation of sandbox pool); 

 Creative visual process modeling  (with sandbox pool elements and freehand 

visual process modeling with UML); 

 Models verification, validation, integration and sustainability (application of 

models quality assurance, knowledge index, integration of models to different 

namespaces and responsibilities, planning of further optimization and sus-

tainability); 

Other Applications 

While the original case study briefly described above has proven the usability of 

three-layers knowledge framework combined with visual process modeling, there 

have been also other applications that provided experience with rigid knowledge 

process definitions: 

 Utilization of the framework (no methodology application) in clinical workflow 

definition (UPMM as a system base defining available workflow relations be-

tween clinical modules, middle layer implemented as a relational database, 

top layer defining mapping onto behavioral process models); 

 Utilization of the framework and methodology in several companies involved 

in digital video broadcasting over satellite located in various European coun-

tries has proven the framework and methodology’s abilities of terminology 

alignment and localization. Human readable exports and bounded visual 

models had been also used for detailed process and security audits. 
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5. Summary and Conclusion 

Practical experiments and case studies along with our research had provided 

enough experience and feedback that shaped the thesis summarized in this text. 

Particular results of the thesis are: 

 Unified Process Meta-Model suitable for complex software houses and partner 

organizations terminology alignment and localization; 

 Knowledge profiles utilization based on instantiation of Unified Process Meta-

Model suitable for reference processes and stable and rigid organizational 

processes; 

 KOTR-S.CZ notation binding of UML diagrams elements to Unified Process 

Meta-Model that allows sandbox process modeling with knowledge elements 

linked to the semi-formal process models and enterprise models integration; 

 Unified Process Modeling Methodology as a methodology that covers activities 

concerning process modeling with three-layers of formal knowledge process 

framework. 

5.1 Evaluation and Future Research 

The thesis had focused on practical approaches to software process architecture 

with multi-perspective visual modeling (semi-formal techniques above functional, 

behavioral and structural process perspectives) with reusable knowledge support 

based upon single process meta-model (formal techniques). This combination of 

multi-tier process modeling, as described in the thesis and summarized in this text 

and briefly concluded in the aforementioned list of results above, allowed to solve 

various issues related to process modeling in organizations like terminological in-

consistencies, loss of information (semantic gap) caused by application of semi-

formal modeling approaches, missing knowledge in common terminological vocabu-
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laries (mutual base terms relationships), problems caused by application of refer-

ence or standard processes (another terminological or relational  inconsistencies), 

inability to optimally introduce formal techniques into practically oriented organiza-

tions, problems with inter-organizational or international cooperation (context-

sensitive process setup, process localization). It is the shift from formalized process 

meta-model level to process (knowledge) model level and further utilization of explic-

it knowledge profiles in visual process modeling that had addressed the aforemen-

tioned problems and has provided complex solution along with base methodology 

(that improves an overall acceptance of the framework in practically oriented 

teams). 

And since it is complex modeling approach, there are also disadvantages that 

might limit the framework and methodology utilization including UPMM complexity 

(UPMM describes all major process perspectives, but is more complex compared to 

some other meta-models), knowledge capture detail and maturity (initial version of 

knowledge profiles concern mostly requirements management, further versions 

shall focus on another critical SP parts as well), unclear modeling granularity (ap-

proaching real-world processes is human-centric activity and neither framework 

nor methodology can prevent all human errors or unify understanding of the real 

world), limited expression power of UML (compared to OWL ad UPMM; is a limita-

tion naturally implied by the framework and even though the framework had been 

designed with this limitation, we simply cannot ignore it as a possible disadvantage 

since it might cause modeling problems when shifting from the top layer binding to 

sandbox modeling), and possible models bulkiness (modeling huge amounts of un-

needed models, reusing of unneeded knowledge profile elements, and poor results 

integration may cause overall models management issues). 

Despite all the disadvantages, the framework and methodology provide optimal 

tools for capturing stable processes and their respective knowledge in software de-

velopment organizations and the combination of the framework and methodology 

are usable in practical process modeling with formal knowledge background. Its 

further scientific applications and future research have been focused on process 

mining combining system log records detail and respective UPMM terminology base, 
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and another work is relates the framework base and middle layers as a base for 

competence modeling in Colored Petri Nets while visual behavioral models are used 

as a source for UML to Petri Net transformation. Another extensions of the frame-

work shall be focused on further expansion of reference knowledge profiles and 

support of various visual semi-formal languages capable of process modeling (like 

BPMN, EPC, IDEF) as additional part of KOTR-S.CZ notation binding (i.e. separa-

tion of the binding to isolated layer of the framework). 
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