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1 Executive Summary 

This deliverable presents approaches to business process querying and process fragment 

identification. We first motivate the current problems in business process modeling. Further, we 

present an analysis of related work in the area and argue why additional investigations are necessary. 

Based on a number of usage scenarios in business process modeling, we derive a list of requirements 

that the framework for support in process modeling should meet. Following the requirements we 

present how we chose the formal foundations for the process querying framework. Further, we provide 

a formal definition of process fragments, the unit of reuse in our framework. Afterwards, we present the 

designed approaches to process querying and fragment identification in detail. The approaches serve 

as a theoretical basis for the framework design and prototypical implementation. In the end, we give an 

outlook on future work. 
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2 Introduction 

In the modern world, businesses constantly strive to reinvent and differentiate themselves under 

continuous pressures of regulatory and technological change. The most prominent issue is the lack of 

automation when trying to incorporate new business requirements into existing information systems - 

adding new components and adapting existing ones as priorities and perspectives change. This brings 

companies to a state of everlasting search for new technologies that help them reduce time to market 

of new or improved products and services. 

We want to address this problem and facilitate the design of flexible and agile business systems by 

structuring the business knowledge into reusable business knowledge components. These 

components can be seen as a complement to traditional software engineering components. Software 

component engineering focuses on the back end in the process engineering chain. Software 

components have evolved from concepts such as common subroutines and general purpose 

application packages to reusable data services objects based on standards such as CORBA   and 

Web services based on XML and WSDL standards. The main concern here is program code and 

interfaces for communicating data. In contrast to this, the economic impact is far larger at the front end 

of the process engineering chain - on reusing business knowledge to configure and innovate business 

processes, products and services.  

The sources of business knowledge that describe the processes of an organization are diverse and 

scattered in IT-supported processes, business documents, presentations and the heads of business 

people. Business knowledge is independent of the technology that implements it. It is embedded in 

processes supported by diverse technologies, depending on the organization’s legacy and 

infrastructure. This knowledge can only be accessed and reused if it is extracted and stored as a 

single piece of information inside a knowledge repository. Ontologies provide appropriate means to 

formally describe the concepts and relations in a particular domain of discourse. “An ontology is an 

explicit specification of a conceptualization” [G93]. Making the business knowledge explicit in terms of 

an ontology would enable systems to manipulate meanings rather than program code. Following this 

idea we create a formal model for describing business processes, which integrates different workflow 

perspectives and allows for expressive querying and reasoning on business process models.  

Business process (BP) modeling has become a crucial phase in the development of enterprise 

information systems. Business process models are created by business users with an objective to 

capture business requirements, enable a better understanding of business processes, facilitate 

communication between business analysts and IT experts, identify process improvement options and 

serve as a basis for derivation of executable business processes. 

Designing a new process model is a highly complex, time consuming and error prone task. To 

overcome this problem, we present a framework for supporting business users in the modeling task. 

The users are supported through possibility to query for processes in the repository to facilitate 

management decisions, through reuse of existing business process artifacts during modeling and 

possibility to query for modeling guidelines after completing the model. This facilitates the task of 
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Figure 2. SUPER Methodology (Source: D.2.2. deliverable) 

Functionalities provided by the Discovery component support Business Analysts when modelling 

processes and therefore all of them are a part of the Semantic Business Process Modelling phase. 

This deliverable demonstrates how to support modelling of processes by providing autocompletion, 

substitution or discovery of process fragments as well as support this functionality by process 

fragments detection that enables uncovering fragments in processes.  

2.1.3 Modeling Stack Alignment 

The SUPER Modelling Stack, as depicted in Figure 3, is structured in five layers from business 

analysis towards implementation of artefacts. Within this deliverable we utilize the organizational 

ontologies to describe static aspects of business process models. 
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Figure 3. SUPER Modeling Stack 

2.1.4 Use Case Alignment 

All of the components developed in SUPER are built bearing in mind requirements elicited by business 

partners and therefore are tested on the examples provided by them. That is also the issue with the 

discovery component that is to support the modelling scenario. Therefore, the discovery component 

was tested on the example provided by the TID, namely Digital Asset Management. Processes 

described in this scenario are used for illustrating the techniques that are proposed in Section 8. 
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this approach the user is not able to pose behavioral queries which is a more intuitive way of 

specifying his requests. 

3.2.2 Semantic Web services discovery 

Web services play a crucial role in SUPER being the executable realisations of business tasks. 

However, before a Web service may be assigned to the task or used within the composition process, 

first it needs to be discovered. Discovery of SWSs is in fact a search for semantically annotated 

artifacts (in this case - Web services), and thus relevant work in this area was investigated.  

There are a number of different (syntactic as well as semantics based) approaches to Web service 

discovery. To make the discovery of services possible, their proper representation expressed using an 

adequate formalism is required. The first, most basic approach to Web service discovery was to use a 

UDDI repository [CHRR+04] where service providers were able to publish their service description, 

assign their offer to a particular category and add some textual information. Consequently, a user 

could browse through the UDDI repository and perform a keyword-based search. However, this kind of 

service discovery proved to be insufficient and the need for more expressive description along with 

more sophisticated mechanism was recognized. Taking into account the Semantic Web paradigm, 

several approaches to the semantic description of Web services were proposed. The most popular 

ones are OWL-S [MBHL+04] and WSMO [RKLB+05] ontologies, along with SAWSDL [FL07] gaining in 

importance. OWL-S and WSMO distinguish functional and non-functional properties of a service and 

provide far more complex description of the service than the SAWSDL does (as stated in [MPW07] no 

concrete semantic framework to describe the semantics of Web services is specified in SAWSDL). In a 

nutshell, in OWL-S and WSMO, a functional part is divided into IOPEs - inputs, outputs, preconditions 

and effects or pre- and postconditions along with assumptions which may be semantically described 

using concepts from an ontology. Therefore, it is feasible to reason on these descriptions and to 

determine the level of semantic match between compared services. It used to be achieved by taking 

the IOPEs from requested and candidate Web services and determining the semantic similarity 

measures. If a certain threshold of overall similarity was achieved, then the candidate service was 

considered as a satisfactory one. This way of tackling the problem of Semantic Web services 

discovery [PKPS02] was very basic and was further replaced by more sophisticated methods. 

In order to match two semantically annotated Web services several aspects need to be taken into 

account. First of all, an appropriate reasoner operating on the selected logical formalism of services 

must exist. The choice of the formalism depends heavily on the preferences between expressiveness 

of the language and the computational complexity as well as the decidability of the reasoning. 

Description Logic (DL) is the most popular within OWL-S and a couple of reasoners supporting DL, like 

Pellet, Racer or KAON2 [GHT06], may be used in this case. On the other hand, in WSMO, where the 

Web Services Modelling Language (WSML) formalism having several Datalog-based dialects (e.g. 

WSML-Full, WSML-Lite or WSML-Flight) is used, dedicated reasoners depending on the language 

complexity should be used [S07]. The second important aspect that needs to be considered regarding 
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A discovery method dedicated neither to OWL-S, not to WSMO was implemented in DIANE system 

[KKSK07] and was done with use of different service description ontology. Authors created ontology 

language called DSD (DIANE Service Descriptions), which may be processed efficiently and is 

specialized for the characteristics of services. They proposed matching algorithms both for single and 

multiple effects of Web services. An evaluation shows that the efficiency and precision of their 

algorithms is better than for algorithms used in OWL-S based solutions. However, they admitted that 

their mechanisms give similar results as the WSMO-based implementations.  

However, in the SUPER project, as the WSMO ontology is used to describe a service,  it was decided 

to exploit some of the latest versions of WSMX [HCMO+05] discovery component, namely Lightweight 

WSMX, which is a tool based on the WSMO ontology and uses WSML language as a formalism to 

describe service capabilities. In this method controlled vocabularies that have an explicit semantics are 

used in the matching process. Only the desired state from the goal and the state of the services after 

execution are considered and modelled as a set of objects. Logics based on a set theory (e.g. 

Description Logics) are used to determine whether a goal description matches with services 

descriptions. Other approaches to the WSMO-based discovery were presented in [LCC06] or 

[SHLK07]. The solution presented in the first paper is customizable in the meaning that it is possible to 

adjust the final level of efficiency and duration of the whole process. The authors also take into 

consideration different expertise of the users of the discovery process. Second referred work proposes 

goal templates as generic objective descriptions and goal instances that denote concrete requests as 

an instantiation of a goal template. The authors come with an idea of formally described requested and 

provided functionalities on the level of state transitions that denote executions of Web services. 

Matchmaking algorithm is expressed using Abstract Space State model. 

3.3 Process Fragments identification 

As Semantic Web services discovery in SUPER will be done using established mechanisms and tools, 

the majority of the research work in the Business Process Discoverer component is now devoted to the 

provision of methods to identify reusable parts of business process for their further reuse. Several 

initiatives exist in the area of business process discovery, but semantic business process discovery is 

still almost unexplored area. Due to the usage of semantics for the description of process fragments 

the research becomes even more challenging. 

Traditional approach to business process discovery is presented in [CW98]. According to authors, it is 

feasible to analyse execution data such as process logs or workflow events and later to determine the 

structure of an original process. This kind of inference of process models from execution data is typical 

with a usage of workflow mining methods. Such an analysis is not in the scope of SUPER discovery 

component, but will be addressed within the WP6. An interesting approach to the business processes 

discovery has been presented by Xu et al. [XLW07]. They come with a three-layered method of 

process discovery, extended with a verification of refined process models. This verification is being 

done against the desired business requirements from analysts. However, the implementation has been 

checked only in one domain (furniture manufacturing). The solution is not flexible, because it must be 



IP- Project / Programme SUPER SUPER-Project-No 026850 
 Business Process Discoverer   
Document Deliverable 3.3  Date 04.10.07 
 
 

071004_SUPER_D3.3_V1_MS.doc  PUBLIC Page 11 
 

extended in order to be verified in another use case. Moreover, authors do not consider reusing parts 

of business processes, as their algorithm does not cover process fragments detection that is crucial for 

the SUPER research work. We consider process fragments as reusable parts of business processes. 

The idea behind process fragments and its definition may be found in [WMFK+07]. 

An algorithm, which is an entry point for our research, was proposed in a paper of Vanhatalo et al. 

[VVL07]. They present an algorithm that decomposes in a linear time a graph-based business process 

model into smaller pieces. These fragments have always one entry and one exit point. Moreover, a 

heuristic to identify such process fragments is provided. It was based also on work of Johnson et al. 

[JPP94], who proposed an efficient algorithm that finds SESE (single entry single exit) regions and 

builds the program structure tree of arbitrary control flow. The concept of SESE region is quite similar 

to the concept of process fragment, whereas a program structure tree is a kind of graph based 

representation of a flow. Ananian [A99] presented a promising solution of how to analyse data flows. 

Static Single Information (SSI) representation is efficient for both forward and backward data flow 

analyses. In the context of SUPER it may be helpful in identifying well grained process fragments. 
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4 Query-based Approach to Process Modeling 

 

Figure 4. Query-based Business Process Modeling 

The querying component supports the business expert in the first phase of the process engineering 

chain. It achieves this by providing querying functionality which can be used for different purposes. 

First, we support the business expert to quickly access the process artifact repository of an 

organization. In this case, he is not designing a new or redesigning an existing process model but 

rather wants to query the existing processes as a support in decision making [HLDW+05]. Another 

example situation is when a certain regulation changes, thus affecting all processes that must adhere 

to this regulation. The business expert can easily query for all such processes in the organization in 

order to make the necessary changes. Currently, these kinds of queries are answered by business 

analysts who have to manually analyze processes and create an inventory of such processes. Our 

approach enables managers to directly pose the queries against the repository and get the answers 

without human effort involved. The FMC3  diagram in Figure 4 shows the interaction between the 

business expert, system functionality and repository component. 

In order to simplify BP modeling, models must be highly reusable, favoring process flexibility and 

minimizing designs made from scratch. Reusing implies querying the process repository to find 

suitable previous work that can be the base for a new design. Therefore, the second way of supporting 

the business users is through reuse of existing process artifacts from the repository during modeling. 

Reuse in modeling can take place when designing a new process model as well as when redesigning 

an existing one. In the first case, the analysts can reuse previous designs, business process patterns. 

BP patterns are abstract BPs, which are not fully defined in terms of concrete tasks and services, and 

thus can not be executed. These patterns capture how the business analyst defines a first draft of a 

process, making emphasis on the business goals, and leaving the concrete definition of processes to a 

further step. They represent a solution to a well known problem, and a base to enable the extension to 

                                                      
3http://www.f-m-c.org 
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a concrete problem (as software design patterns [GHJV95] do), providing best modeling practices. The 

analysts can query for patterns by using a query template where they can specify the desired business 

function, business domain and other constraints to direct the search. The user can use the same 

template for querying for existing process models or fragments. More details on different querying 

scenarios are provided in the next section. For processing the queries, the static querying component 

of the framework is used (cf. Figure 4). Another type of facilitation to process modeling is offered by 

the dynamic querying component which supports the user in automatic completion of the model or 

substitution of the selected part of the model. To achieve this goal, this component operates on the 

behavioral description of the process model in addition to the static characteristics. After the reuse 

process is finished, a final editing of the model is performed to adapt it to the context of reuse (cf. 

Figure 4).    

Any BP model has to comply with a set of modeling guidelines defined by business managers within a 

company. Guidelines are concrete policies which orthogonally apply to all business processes of the 

company, derived from the general strategies of the company such as getting as many customers as 

possible or reducing costs no matter if the quality of the service decreases. The third stage of our 

approach offers the user the possibility to retrieve the relevant modeling guidelines. When the user 

completes the modeling of a process, he can query for guidelines that should be applied to his model 

based on the context (business function, domain). For this purpose, also the static querying 

component is used [cf. Figure 4]. 
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static aspect of the process description we want to describe other workflow perspectives, e.g. 

organizational and informational. We want to describe processes in terms of their input/output data, 

business function, business domain, organizational roles which perform certain process parts, etc. In 

this way, the user will be able to specify this type of information in his request and use it to express 

additional constraints in his query. 

Req. 2: Intuitive user request specification The user must be provided with a user-friendly query 

interface for specifying his requests. The user must be able to query for processes both on the static 

and dynamic aspects of their description. 

Req. 3: Query language There needs to be a query language with expressive power that is sufficient to 

formally describe the user requests. Note that the user request can be in the form of a query template, 

but it can also be a part of a process for autocompletion or a process fragment for substitution. 

Req. 4: Querying mechanism There needs to be a mechanism that will perform expressive 

matchmaking of user requests against process descriptions. The algorithm should take a user request 

as an input and return a ranked list of BP knowledge artifacts that match the request. 

Req. 5: Flexibility The designed framework must provide support for relaxation and refinement of user 

queries. In the case that we get not enough results matching the query, we can relax the query, i.e. 

incrementally abstract elements of the query, e.g. by using subsumption hierarchy. Similarly, if we get 

too many results, the user needs to be provided with a possibility to refine his request.   

Req. 6: Ranking To increase the usability of process fragment matching results, the resulting list of 

fragments should be ordered w.r.t. the level of match. Similarity measures need to be defined for 

process fragments to support the ranking of results based on multiple criteria. 

Req. 7: Computational efficiency The underlying matchmaking mechanism must be computationally 

tractable and efficient to provide the required design-time user support. 





IP- Project / Programme SUPER SUPER-Project-No 026850 
 Business Process Discoverer   
Document Deliverable 3.3  Date 04.10.07 
 
 

071004_SUPER_D3.3_V1_MS.doc  PUBLIC Page 18 
 

6.2 WSMO and OWL-S 

The Web Services Modeling Ontology (WSMO) [RKLB+05] provides a conceptual framework and a 

formal language for semantically describing all relevant aspects of Web services in order to facilitate 

the automation of discovering, combining and invoking electronic services over the Web. Actually, 

WSMO is more than just describing Web services, as it identifies four top level elements as the main 

concepts which have to be characterized: ontologies, goals, web services and mediators. 

The Web Service Modeling Language (WSML) [WSML06] provides a formal syntax and semantics for 

WSMO. WSML is based on different logical formalisms, namely, Description Logics, First-Order Logic 

and Logic Programming, which are useful for modeling of Semantic Web services (SWS). WSML 

Grammar can be obtained from [WSML06]. 

OWL-S [MBHL+04] is an OWL-based upper ontology for describing the properties and capabilities of 

Web services, which enables automatic Web service discovery, invocation, composition and 

interoperation.  

WSMO and OWL-S are two major initiatives that try to achieve the same goal: both aim to provide 

appropriate description means that enable effective exploitation of semantic annotations w.r.t. 

discovery, composition, execution and interoperability of Web services. However, WSMO provides 

several advantages when compared to OWL-S: it’s conceptual model has a better separation of the 

requester and provider point of view, it provides better language layering and it describes user 

requirements in a more natural fashion [Lara05]. 

In this work, we use WSML as a representation language for the ontologies that capture static aspects 

of the process model description, see Section 8. 
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7 Process fragments 

7.1 Identifying and Utilizing Process Fragments 

After the requirement analysis, we consider how business users can identify meaningful and reusable 

process fragments and how the added value introduced by process fragments can be exploited during 

process modeling. 

The identification of process fragments is decisive for the reusability of process fragments. In this 

document we distinguish three approaches for identifying reusable process fragments: model-for-

reuse, manual detection and (semi-)automatic detection of process fragments. The first approach can 

be used in any situation. But it is especially interesting for the situation that takes place before the as-is 

modelling of business processes in a company. In this case, there are no existing process models, 

from which business users could cut out reusable process fragments. Therefore, business users could 

model process fragments from scratch while keeping “model for reuse” in mind, which means that 

process fragments should be modelled in a way that they bear high reusability for future process 

modelling. The resulted process fragments can then be immediately used in the as-is modelling by 

stitching them together to build a complete process model. The second approach can be applied if 

there are pre-existing process models. Business users can identify reusable process fragments based 

on the result of studies on these process models or the comparison of these process models to find 

out overlaps or differences between them. However, with the growth of the numbers and complexity of 

process models, it becomes difficult and cumbersome for human being to compare process models. 

The third approach helps business users out by providing (semi-)automatic detection of process 

fragments out of existing process models. 

Independent on which approach is applied for identifying process fragments, the identification process 

must follow certain criteria to evaluate the reusability of process fragments. Business processes are 

designed to achieve business goals. Each business goal can be achieved by realizing the necessary 

business functions through a group of activities. Therefore, we consider the functional view as a main 

criterion for identifying reusable process fragments. The functional view focuses on the semantic 

coherence of business functions that the activities in a business process model implement. Activities 

that collectively realize the same business function can form a reusable business process fragment. 

Apparently, the definition of the granularity of the business function affects directly the granularity of 

the process fragment.  

 

Additional User
ValidationInitial User Validation  
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process fragment that contains all the selected activities. In this example, the detected minimum well-

formed process fragment has been highlighted with yellow background. After the detection, the 

unselected activities in the process fragment are replaced by opaque nodes. In this case, only the 

activity A5 has been replaced an opaque node. And the result of the extraction algorithm is shown in 

Figure 8.  

 

A1

A2

A3

A4

A5

 

Figure 7. An Example Process Model with Selected Activities 
 

A2

A3

A4

O1

 

Figure 8. Extracted Process Fragment from Figure 7 
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8 Approach 

In this section, we provide an overview of the approaches taken to solve the tasks of process fragment 

identification and business process querying. 

8.1 Process fragment identification 

It does not make sense to reuse just any part of an existing process model. The following factors 

should be taken into account: 

1) It becomes computationally expensive to compare whether any process part is similar to any 

existing process fragment or subprocess. In addition, it is undecidable in general case whether 

two process models (or programs) are the same.  

2) The reused part should also have a business meaning. It is better to separate two unrelated or 

loosely related parts of a process in two reusable process fragments than put them in one, 

because it would be easier to reuse the process fragments separately in different contexts. 

3) It is difficult to reuse an arbitrary process fragment and add it to the existing control-flow of a 

process model. However, there is a special subclass of process models that can be easily 

reused, these are process fragments with single-entry and single-exist (for short, SESE 

process fragments). 

 

Therefore, we do not try to reuse just any process fragment in existing process models, instead we first 

detect the process fragments that satisfy the following requirements: 

1) For a given process model, we detect all the process fragments that are SESE process 

fragments. 

2) The tool asks from the user which of these process fragments would be ideal for reuse. The 

process fragments must have a business meaning. 

3) We ask the user to semantically annotate the process fragments in order to allow using the 

process fragments for automatic composition. 

4) We store the process fragments into the Business Process Library (D3.1). 

The first step is to detect process fragments. Processes are represented in BPMO and detection of the 

fragments will be executed within this ontology (BPMO, version 1.2, 20070620). BPMO is agreed as a 

main processes ontology within SUPER ontology stack and a standard data format for representing 

processes in SUPER. 

BPMO defines a special concept ProcessFragment to represent instances of process fragments: 

concept  ProcessFragment subConceptOf  upo#BusinessProcessFragment 
     nonFunctionalProperties  
          dc#description  hasValue  "The concept of a Process Fragment."  
     endNonFunctionalProperties  
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     hasName ofType  (0 1) _string 
     hasDescription ofType  (0 1) _string 
     hasWorkflow ofType  (0 *) Workflow 

     hasBusinessProcessGoal ofType  (0 1) upo#BusinessProcessGoal  

The range of its hasWorkflow property is Workflow with unrestricted cardinality, therefore we need to 

analyse only instances of BPMO Workflow concept while detecting candidates for fragments. 

Processes in BPMO may be described using two approaches: block-based and graph-based. This is 

reflected in direct subconcepts of the Workflow concept: BlockPattern and GraphPattern. Other direct 

subconcepts are Event, Subconcept and Task, which are basically most often used in above 

mentioned patterns. 

Graph-based representation is basically more expressive than block-based and enforces fewer 

constraints, therefore is preferred by business users. However, this poses additional problem for the 

detection of fragments. All block patterns may be represented as graph patterns, whereas the other 

way round is not always the case. 

Block patterns in ontology may be somehow preferred as their representation is more compact and 

they have equivalent graph representation. Indeed, block patterns as they are self-contained, are 

equivalent to fragments, and it suffices to assert for example AnyProcessFragment[hasWorkflow 

AnySequence] . In the case of graph patterns we need to explicitly enumerate all elements using 

tasks, branches and merges to show relations between tasks. 

Example of process fragment definition in graph-based BPMO model is given in Figure 9. For clarity, 

definitions of single elements are omitted: 

 

instance  f2 memberOf bpmo#ProcessFragment 

 hasWorkflow hasValue  {t1,t2,t3,gs1,ge1,ps1,pe1}  

 

Figure 9. Graph-based process fragment  

Let us analyze the following subconcepts of Workflow that should be part of fragments. 

Process 

A process is not a subconcept of workflow and therefore will not be returned as process fragment. 

However, process uses the same attribute as process fragment (i.e. hasWorkflow) to point to the real 

representation of the process. It is therefore possible to return the process fragment equivalent to the 

process. While this seems unusual to return the whole as a fragment, it is required if finding of the 
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minimal enclosing fragment has to work. Moreover, following the first approach, where user can model 

just process fragments, the whole will constitute a process fragment. 

Subprocess 

According to BPMO, a SubProcess is a subconcept of Workflow, and therefore a good candidate for a 

fragment. Very often business modelers use notion of subprocess to indicate that they have already 

identified and enclosed a functionality that might be the most probably reused.  

Task 

A task may seem to be just a candidate for part of fragment, and not for the fragment itself. Please 

note however, that a single task may be substituted by another fragment, and also a bigger fragment 

may be substituted by a single task. Therefore, in our approach we also return single tasks as 

fragments, i.e. Tasks, and all its subconcepts: GoalTask, ManualTask, and WSTask. 

Block Patterns 

All block patterns will be returned as process fragments: DeferredChoiceMerge, 

ExclusiveChoiceMerge, Repeat, While, MultipleChoiceMerge, ParallelSplitSynchronise, and 

Sequence. 

StartEvent, EndEvent 

The above events are only valid within processes and therefore will not be retrieved as process 

fragments. 

Intermediate Events 

There are three leaf subconcepts of IntermediateEvent: ReceiveMessageEvent, SendMessageEvent, 

and TimerEvent. Usually, events could be easily skipped from the process fragment as they just trigger 

the process start. In a case of TimerEvent, we would not wish our fragment to be triggered only on 

certain date. Nevertheless, the fact that somebody put a timer before certain task may be an important 

information and may reflect some business practices in the company (e.g. wait five days for 

confirmation before cancelling the contract). Even though the timer might need to be updated (or 

replaced with another carefully selected trigger), we decided to return it as part of the fragment. 

Message-exchange events carry some notion of activity. Indeed, they are related to BPMN's 

ReceiveTask and SendTask. Recevining task will very often open the process fragment and sending 

task will close it (see BPMO example for M12). Those events are also contained in sequences if such 

are built, and will be returned as part of process fragment (but never as a fragment itself which would 

not make any sense). 

8.1.1 Block-based ontology fragments detection 

Due to its construction detection of block patterns is quite straightforward. A reasoner is used to 

retrieve any instances from the ontology that can form a fragment. The reasoner looks for instances of: 
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BlockPattern, SubProcess, and Task. The ontology is then enriched with instances of process 

fragments with property hasWorkflow set to existing instances. 

8.1.2 Graph-based ontology fragments detection 

There are two ways that may be followed: 

�ƒ detect graph patterns directly and return graph-based patterns, 

�ƒ translate graph-based representation to block-based, then detect block patterns and return as 

a result block-based patterns. 

The latter approach is just an option if for some reasons it is more convenient to work on blocks (e.g. 

more compact syntax may be more convenient for BPMO Modeling Tool). Unfortunately, not all graph 

fragments can be translated to blocks, and therefore as a result we would not be able to detect all 

fragments or we would receive a mixture of blocks and graphs, what would only confuse a user. 

Therefore, for graph-based processes only graph-based fragments are returned.  

For the detection of graph patterns an algorithm for detecting single entry single exit (SESE) graphs is 

used [JPP94, VVL07]. 

8.1.3 Mixed block- and graph-based ontology fragments detection 

In real world situations, especially when processes are modeled from existing fragments it may happen 

that process will contain a mixture of graphs and blocks. We just do not depend on how the process 

have arisen, so it may happen that user decided to fold some of the graphs into blocks herself. 

As BPMO allows to mix graph-based and block-based structures of process model, an algorithm is 

able to retrieve both types of fragments, additionally retaining original nature of the fragment. 

In order to apply original algorithm for SESE detection one would normally need to decompose blocks 

into graphs, as this algorithm works only on connections and would not discover nested blocks present 

normally in BPMO. Unfortunately, it would require additional effort to restore the original blocks, as 

they were in the analyzed process ontology. 

A simpler approach is taken instead. We need to observe that nested blocks already found in the 

process ontology may be detected by reasoning (as described in section 8.1.1). The “outer” blocks are 

then treated as regular nodes connected and the remaining graph-based fragments are detected by 

applying algorithm for detecting SESE structures (as described in section 8.1.2). 

Such approach is implemented in BPMOModel class, which is a graph model with nodes (BPMONode) 

and edges (BPMOEdge). It has operations for detecting fragments, as well as for operations on graphs 

that simplify the implementation of SESE algorithm. Appropriate creation of the BPMO model that 

allows application of our approach is handled by BPMOModelBuilder. Details are described in section 

on implementation. 

To sum up, our approach is as follows: 

Step 1. Detect block-based fragments (BPMOModel.detectFragmentsBlocks() 
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Step 2. Detect graph-based fragments (BPMOModel.detectFragmentsGraphs() 

Step 3. Create new BPMO instances representing fragments and add fragments found in steps 1 

and 2. 

This algorithm works independent of the input modeling methodology, whether block-based, graph-

based or mixed. 

8.1.4 Representation of the fragments 

Let us now move on to example processes in different variants of BPMO notation and resulting 

process fragments that are detected and returned as instances of bpmo#ProcessFragment. 

 

Figure 10. Example 1: Graph-based model (BPMN notation) 

The BPMO notation for this model is given in the following: 
wsmlVariant  _ "http://www.wsmo.org/wsml/wsml-syntax/wsml-flight"  
namespace  { _ "http://www.kie.ae.poznan.pl/super/example/bpmo/fragment/g2#"  
,  
     upo _ "http://www.ip-super.org/ontologies/UPO/20070620#" ,  
     bpmo _ "http://www.ip-super.org/ontologies/BPMO/20070620#" ,  
     dc _ "http://purl.org/dc/Elements/1.1#"  } 
 
ontology  _ "http://www.kie.ae.poznan.pl/super/example/bpmo/fragment/g2#"  
 
     importsOntology  
          { _ "http://www.ip-super.org/ontologies/BPMO/20070620#" ,  
            _ "http://www.ip-super.org/ontologies/UPO/20070620#" ,  
            _ "http://www.ip-super.org/ontologies/TP" } 
 
instance  Start memberOf bpmo#StartEvent 
 
instance  End memberOf bpmo#EndEvent 
 
instance  P1 memberOf bpmo#Process 
     bpmo#hasWorkflow hasValue  Start 
 
instance  t1 memberOf bpmo#GoalTask 
 
instance  t2 memberOf bpmo#GoalTask 
 
instance  t3 memberOf bpmo#GoalTask 
 
instance  t4 memberOf bpmo#GoalTask 
 
instance  t5 memberOf bpmo#GoalTask 
 
instance  t6 memberOf bpmo#GoalTask 
 
instance  t7 memberOf bpmo#GoalTask 
 
instance  t8 memberOf bpmo#GoalTask 
 
instance  t9 memberOf bpmo#GoalTask 
 
instance  ps2 memberOf bpmo#ParallelSplit 
 
instance  pe2 memberOf bpmo#Synchronisation 
 
instance  ps3 memberOf bpmo#ParallelSplit 
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instance  pe3 memberOf bpmo#Synchronisation 
 
instance  w1 memberOf bpmo#Condition 
     bpmo#definedBy hasValue  "w<0"  
 
instance  w2 memberOf bpmo#Condition 
     bpmo#definedBy hasValue  "w>=0</0>"  
 
instance  gs1 memberOf bpmo#ExclusiveChoice 
 
instance  ge1 memberOf bpmo#SimpleMerge 
 
instance  ps1 memberOf bpmo#ParallelSplit 
 
instance  pe1 memberOf bpmo#Synchronisation 
 
instance  c1 memberOf bpmo#ControlflowConnector 
     bpmo#hasSource hasValue  Start 
     bpmo#hasTarget hasValue  gs1 
 
instance  c2 memberOf bpmo#ControlflowConnector 
     bpmo#hasSource hasValue  gs1 
     bpmo#hasTarget hasValue  ps1 
     bpmo#hasCondition hasValue  w1 
 
instance  c3 memberOf bpmo#ControlflowConnector 
     bpmo#hasSource hasValue  gs1 
     bpmo#hasTarget hasValue  t3 
     bpmo#hasCondition hasValue  w2 
 
instance  c4 memberOf bpmo#ControlflowConnector 
     bpmo#hasSource hasValue  ps1 
     bpmo#hasTarget hasValue  t1 
 
instance  c5 memberOf bpmo#ControlflowConnector 
     bpmo#hasSource hasValue  ps1 
     bpmo#hasTarget hasValue  t2 
 
instance  c6 memberOf bpmo#ControlflowConnector 
     bpmo#hasSource hasValue  t1 
     bpmo#hasTarget hasValue  pe1 
 
instance  c7 memberOf bpmo#ControlflowConnector 
     bpmo#hasSource hasValue  t2 
     bpmo#hasTarget hasValue  pe1 
 
instance  c8 memberOf bpmo#ControlflowConnector 
     bpmo#hasSource hasValue  pe1 
     bpmo#hasTarget hasValue  ge1 
 
instance  c9 memberOf bpmo#ControlflowConnector 
     bpmo#hasSource hasValue  t3 
     bpmo#hasTarget hasValue  ge1 
 
instance  c10 memberOf bpmo#ControlflowConnector 
     bpmo#hasSource hasValue  ge1 
     bpmo#hasTarget hasValue  ps2 
 
instance  c11 memberOf bpmo#ControlflowConnector 
     bpmo#hasSource hasValue  ps2 
     bpmo#hasTarget hasValue  t4 
 
instance  c12 memberOf bpmo#ControlflowConnector 
     bpmo#hasSource hasValue  ps2 
     bpmo#hasTarget hasValue  t5 
 
instance  c13 memberOf bpmo#ControlflowConnector 
     bpmo#hasSource hasValue  t5 
     bpmo#hasTarget hasValue  ps3 
 
instance  c14 memberOf bpmo#ControlflowConnector 
     bpmo#hasSource hasValue  t4 
     bpmo#hasTarget hasValue  pe3 
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instance  c15 memberOf bpmo#ControlflowConnector 
     bpmo#hasSource hasValue  ps3 
     bpmo#hasTarget hasValue  t7 
 
instance  c16 memberOf bpmo#ControlflowConnector 
     bpmo#hasSource hasValue  ps3 
     bpmo#hasTarget hasValue  t6 
 
instance  c17 memberOf bpmo#ControlflowConnector 
     bpmo#hasSource hasValue  t6 
     bpmo#hasTarget hasValue  pe3 
 
instance  c18 memberOf bpmo#ControlflowConnector 
     bpmo#hasSource hasValue  t7 
     bpmo#hasTarget hasValue  pe2 
 
instance  c19 memberOf bpmo#ControlflowConnector 
     bpmo#hasSource hasValue  pe3 
     bpmo#hasTarget hasValue  t8 
 
instance  c20 memberOf bpmo#ControlflowConnector 
     bpmo#hasSource hasValue  t8 
     bpmo#hasTarget hasValue  pe2 
 
instance  c21 memberOf bpmo#ControlflowConnector 
     bpmo#hasSource hasValue  pe2 
     bpmo#hasTarget hasValue  t9 
 
instance  c22 memberOf bpmo#ControlflowConnector 
     bpmo#hasSource hasValue  t9 
     bpmo#hasTarget hasValue  End 
 

Detected instances of  bpmo#ProcessFragment correspond to the red regions shown in Figure 11: 

 

 

Figure 11. Example 1: Detected process fragment instances 
 
instance  f1 memberOf bpmo#ProcessFragment 
     bpmo#hasWorkflow hasValue  t1 
 
instance  f2 memberOf bpmo#ProcessFragment 
     bpmo#hasWorkflow hasValue  t2 
 
instance  f3 memberOf bpmo#ProcessFragment 
     bpmo#hasWorkflow hasValue  t3 
 
instance  f4 memberOf bpmo#ProcessFragment 
     bpmo#hasWorkflow hasValue  t4 
 
instance  f5 memberOf bpmo#ProcessFragment 
     bpmo#hasWorkflow hasValue  t5 
 
instance  f6 memberOf bpmo#ProcessFragment 
     bpmo#hasWorkflow hasValue  t6 
 
instance  f7 memberOf bpmo#ProcessFragment 
     bpmo#hasWorkflow hasValue  t7 
 
instance  f8 memberOf bpmo#ProcessFragment 
     bpmo#hasWorkflow hasValue  t8 
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instance  f9 memberOf bpmo#ProcessFragment 
     bpmo#hasWorkflow hasValue  t9 
 
instance  f10 memberOf bpmo#ProcessFragment 
     bpmo#hasWorkflow hasValue  {t1, t2, ps1, pe1} 
 
instance  f11 memberOf bpmo#ProcessFragment 
     bpmo#hasWorkflow hasValue  {t1, t2, t3, gs1, ge1, ps1, pe1} 
 
instance  f12 memberOf bpmo#ProcessFragment 
     bpmo#hasWorkflow hasValue  {t4, t5, t6, t7, t8, ps2, pe2, ps3, pe3} 
 
instance  f13 memberOf bpmo#ProcessFragment 
     bpmo#hasWorkflow hasValue  {t1, t2, t3, t4, t5, t6, t7, t8, t9, gs1,  
                                gs2, ps1, ps2, ps3, pe1, pe2, pe3} 
 

 
Figure 12. Example 2: Block-based process model 

The BPMO notation for this model is given in the following: 
namespace  { _ "http://www.kie.ae.poznan.pl/super/example/bpmo/fragment/b1#"  
,  
     upo _ "http://www.ip-super.org/ontologies/UPO/20070620#" ,  
     bpmo _ "http://www.ip-super.org/ontologies/BPMO/20070620#" ,  
     dc _ "http://purl.org/dc/Elements/1.1#"  } 
 
ontology  _ "http://www.kie.ae.poznan.pl/super/example/bpmo/fragment/b1#"  
 
     importsOntology  
          { _ "http://www.ip-super.org/ontologies/BPMO/20070620#" ,  
            _ "http://www.ip-super.org/ontologies/UPO/20070620#" ,  
            _ "http://www.ip-super.org/ontologies/TP" } 
 
instance  Start memberOf bpmo#StartEvent 
 
instance  End memberOf bpmo#EndEvent 
 
instance  P1 memberOf bpmo#Process 
     bpmo#hasWorkflow hasValue  s1 
 
instance  t1 memberOf bpmo#GoalTask 
 
instance  t2 memberOf bpmo#GoalTask 
 
instance  t3 memberOf bpmo#GoalTask 
 
instance  t4 memberOf bpmo#GoalTask 
 
instance  t5 memberOf bpmo#GoalTask 
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instance  s1 memberOf bpmo#Sequence 
     bpmo#hasOrderedElement hasValue  {o2, o3, o4 } 
 
instance  o2 memberOf bpmo#OrderedElement 
     bpmo#hasOrder hasValue  1 
     bpmo#hasElement hasValue  Becm1 
 
instance  o3 memberOf bpmo#OrderedElement 
     bpmo#hasOrder hasValue  2 
     bpmo#hasElement hasValue  t4 
 
instance  o4 memberOf bpmo#OrderedElement 
     bpmo#hasOrder hasValue  3 
     bpmo#hasElement hasValue  t5 
 
instance  cb1Becm1 memberOf ConditionalBranch 
     bpmo#hasBranch hasValue  Bpss1 
     bpmo#hasCondition hasValue  w1 
 
instance  cb2Becm1 memberOf ConditionalBranch 
     bpmo#hasBranch hasValue  t3 
     bpmo#hasCondition hasValue  w2 
 
instance  Becm1 memberOf bpmo#ExclusiveChoiceMerge 
     bpmo#hasConditionalBranch hasValue  {cb1Becm1, cb2Becm1 } 
 
instance  Bpss1 memberOf bpmo#ParallelSplitSynchronise 
     bpmo#hasBranch hasValue  {t1, t2 } 
 
instance  w1 memberOf bpmo#Condition 
     bpmo#definedBy hasValue  "w<0"  
 
instance  w2 memberOf bpmo#Condition 
     bpmo#definedBy hasValue  "w>=0</0>"  

 
 
Detected instances of  bpmo#ProcessFragment correspond to the red regions in the following Figure 
13: 
 

 

Figure 13. Example 2: Detected process fragment instances 
 
instance  f1 memberOf bpmo#ProcessFragment 
     bpmo#hasWorkflow hasValue  t1 
 
instance  f2 memberOf bpmo#ProcessFragment 
     bpmo#hasWorkflow hasValue  t2 
 
instance  f3 memberOf bpmo#ProcessFragment 
     bpmo#hasWorkflow hasValue  t3 
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instance  f4 memberOf bpmo#ProcessFragment 
     bpmo#hasWorkflow hasValue  t4 
 
instance  f5 memberOf bpmo#ProcessFragment 
     bpmo#hasWorkflow hasValue  t5 
 
instance  f6 memberOf bpmo#ProcessFragment 
     bpmo#hasWorkflow hasValue  Becm1 
 
instance  f7 memberOf bpmo#ProcessFragment 
     bpmo#hasWorkflow hasValue  Bpss1 
 
instance  f8 memberOf bpmo#ProcessFragment 
     bpmo#hasWorkflow hasValue  s1 
 
 
 

 

Figure 14. Example 3: Mixed representation of process model (graph- and block-based) 
 
wsmlVariant  _ "http://www.wsmo.org/wsml/wsml-syntax/wsml-flight"  
namespace  { _ "http://www.kie.ae.poznan.pl/super/example/bpmo/fragment/bg1#"  
,  
     upo _ "http://www.ip-super.org/ontologies/UPO/20070620#" ,  
     bpmo _ "http://www.ip-super.org/ontologies/BPMO/20070620#" ,  
     dc _ "http://purl.org/dc/Elements/1.1#"  } 
 
ontology  _ "http://www.kie.ae.poznan.pl/super/example/bpmo/fragment/bg1#"  
 
     importsOntology  
          { _ "http://www.ip-super.org/ontologies/BPMO/20070620#" ,  
            _ "http://www.ip-super.org/ontologies/UPO/20070620#" ,  
            _ "http://www.ip-super.org/ontologies/TP" } 
 
instance  Start memberOf bpmo#StartEvent 
 
instance  End memberOf bpmo#EndEvent 
 
instance  P1 memberOf bpmo#Process 
     bpmo#hasWorkflow hasValue  s1 
 
instance  t1 memberOf bpmo#GoalTask 
 
instance  t2 memberOf bpmo#GoalTask 
 
instance  t3 memberOf bpmo#GoalTask 
 
instance  t4 memberOf bpmo#GoalTask 
 
instance  t5 memberOf bpmo#GoalTask 
 
instance  cb1Bpss1 memberOf bpmo#ConditionalBranch 
     bpmo#hasBranch hasValue  t1 
 
instance  cb2Bpss1 memberOf bpmo#ConditionalBranch 
     bpmo#hasBranch hasValue  t2 
 
instance  Bpss1 memberOf bpmo#ParallelSplitSynchronise 
     bpmo#hasConditionalBranch hasValue  {cb1Bpss1, cb2Bpss1 } 
 
instance  gs1 memberOf bpmo#ExclusiveChoice 
 
instance  ge1 memberOf bpmo#SimpleMerge 
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instance  c1 memberOf bpmo#ControlflowConnector 
     bpmo#hasSource hasValue  Start 
     bpmo#hasTarget hasValue  gs1 
 
instance  c2 memberOf bpmo#ControlflowConnector 
     bpmo#hasSource hasValue  gs1 
     bpmo#hasTarget hasValue  Bpss1 
 
instance  c3 memberOf bpmo#ControlflowConnector 
     bpmo#hasSource hasValue  gs1 
     bpmo#hasTarget hasValue  t3 
 
instance  c4 memberOf bpmo#ControlflowConnector 
     bpmo#hasSource hasValue  Bpss1 
     bpmo#hasTarget hasValue  ge1 
 
instance  c5 memberOf bpmo#ControlflowConnector 
     bpmo#hasSource hasValue  t3 
     bpmo#hasTarget hasValue  ge1 
 
instance  c6 memberOf bpmo#ControlflowConnector 
     bpmo#hasSource hasValue  ge1 
     bpmo#hasTarget hasValue  t4 
 
instance  c7 memberOf bpmo#ControlflowConnector 
     bpmo#hasSource hasValue  t4 
     bpmo#hasTarget hasValue  t5 
 
instance  c8 memberOf bpmo#ControlflowConnector 
     bpmo#hasSource hasValue  t5 
     bpmo#hasTarget hasValue  End 
 
 
Detected instances of  bpmo#ProcessFragment correspond to the red regions in the following Figure 
15: 
 

 
Figure 15. Example 3: Detected process fragment instances 

 
instance  f1 memberOf bpmo#ProcessFragment 
     bpmo#hasWorkflow hasValue  t1 
 
instance  f2 memberOf bpmo#ProcessFragment 
     bpmo#hasWorkflow hasValue  t2 
 
instance  f3 memberOf bpmo#ProcessFragment 
     bpmo#hasWorkflow hasValue  t3 
 
instance  f4 memberOf bpmo#ProcessFragment 
     bpmo#hasWorkflow hasValue  t4 
 
instance  f5 memberOf bpmo#ProcessFragment 
     bpmo#hasWorkflow hasValue  t5 
 
instance  f6 memberOf bpmo#ProcessFragment 
     bpmo#hasWorkflow hasValue  Bpss1 
 
instance  f7 memberOf bpmo#ProcessFragment 
     bpmo#hasWorkflow hasValue  {Bpss1, t3, gs1, ge1 } 
 
instance  f8 memberOf bpmo#ProcessFragment 









IP- Project / Programme SUPER SUPER-Project-No 026850 
 Business Process Discoverer   
Document Deliverable 3.3  Date 04.10.07 
 
 

071004_SUPER_D3.3_V1_MS.doc  PUBLIC Page 40 
 

 

Figure 17. Ontology Framework 

 

The semantic annotation of Processes is done by five defined relations (shown in Figure 18): 

hasBusinessGoal, hasBusinessFunction, hasBusinessDomain hasBusinessRole and 

hasProcessResource. These relations group pairwise a Process or a ProcessFragment and 

respectively Business Goal, Business Function, Business Domain, Business Role and Process 

Resource. These semantic annotations can be used as query arguments for finding process fragments 

in our scenarios, see Section 5.1. 
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Figure 18. BPDO – Business Annotations 

 

8.2.1.1 Example 

To illustrate the use of this ontology for business process description, we give an example process 

fragment which performs customer order processing. The example fragment is composed of simple 

tasks (receiving a message, checking an order, sending a message), an exclusive choice for sending 

the correct message back, and the merge for synchronization. It is depicted in Figure 19 using the 

BPMN5  notation. 

 

Figure 19. Customer Order Processing – Process Fragment 

 

The next step is the translation of a visual diagram into our ontology. The Figure 20 represents the 

process fragment translated to BPDO. Each element has either a hasDefinition or hasNext attribute, if 

it continues the execution. If a task should go to sleep, it references the process instance bpdo#Null. 

                                                      
5http://www.bpmn.org/ 
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Figure 20. WSML Instance 

 

The shown example is a process fragment, which can be composed with a respective task responsible 

for sending the message “Order”. Also, some parallel task should continue the execution, when 

receiving the message “Response”. 

The process is semantically annotated using the relationInstance association between the ontologies 

in Figure 20. Annotations are the key for enabling querying of processes or process fragments based 

on the static part of their description (Requirement 4).  

8.2.2 Querying specification 

A formal query language has to be defined for coupling static and dynamic process characteristics, 

and it is necessary to define how the framework interacts with other components. 

The query must support the description of static and dynamic behavior. WSML Logical Expression 

(LE) [WSML06] is used for specifying queries on static properties of a process. The syntax of WSML-

LE is based on F-Logic [KLW95], for further details on the language we refer the reader to the 

deliverable D1.4. The query should reference instances of business annotations, which are 

materialized by instances of the relations described in Figure 20. An example is given in the following: 

bpdo#hasBusinessFunction(?x,Annotation1) and  
bpdo#hasBusinessRole(?x,Annotation2) and  
bpdo#hasProcessResource(?x,Annotation3) and 
bpdo#hasBusinessGoal(?x,Annotation4) 
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8.2.3 Querying mechanism 

In this section, we describe how we address the fourth requirement from Section 5.2, Querying 

mechanism. Figure 4 depicts the framework components and interactions. To reduce the level of 

complexity, we have divided this task in two subtasks – static and dynamic (behavioural) querying. The 

querying mechanism is operating on the Business Process Description Ontology (BPDO), presented in 

the previous section. 

8.2.3.1 Static Querying 

First subtask investigates simple (static) querying, i.e. the user can specify requests on static parts of a 

process description. Here we use WSML logical expressions [WSML06] as a query language. The 

second subtask investigates graphical (behavioral) querying, where the user can specify requirements 

on dynamic parts of a process description. This corresponds to autocompletion and substitution usage 

scenarios described in Section 5.1.  

In the following, we provide some examples on static querying. 

Example 1: Querying for design reuse. An example of a service provision Business Process Pattern 

by using a BPMN notation is depicted in Figure 21. In this example, a simple flow is defined between 

several abstract subprocesses, which will be define in further modeling steps. Annotations (denoted by 

circles) represent the business goals that mark the different milestones of the end-to-end process. By 

using it, the Business Analyst can annotate each one of the phases of the pattern in order to find 

suitable processes for the implementation one. 

A query example for business pattern: “Give me all business patterns related to Fulfillment Business 

Function and Client and Product Business Domain where Business Goals involved are profileObtained 

and serviceActivated” translates to logical expressions for querying process descriptions as follows: 

bpdo#hasBusinessFunction(?x,Fulfillment) and 

bpdo#hasBusinessDomain(?x,Client) and 

bpdo#hasBusinessDomain(?x,Product) and 

bpdo#hasBusinessGoal(?x,profileObtained) and 

bpdo#hasBusinessGoal(?x,serviceActivated) 

 

The procedure will find only processes “? x” annotated with all required characteristics. If necessary, it 

is possible to substitute the operator “AND” by “OR” operators, for relaxing the query. 

  

 

Figure 21. Service Provisioning Business Pattern 
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The representation of pattern depicted in Figure 21 is moved to our formalism, and it is partly 

presented in the following listing. Each procedure of the pattern is represented as a simple task. 

//Register User: It achieves the "User Known: Profile Obtained" goal.  
instance  PRegisterUser memberOf bpdo#Process 
     bpdo#hasName hasValue  "RegisterUser"  
     bpdo#hasDefinition hasValue  Receive_e104 
instance  Receive_e104 memberOf {bpdo#Input, bpdo#ControlFlow} 
     bpdo#hasName hasValue  "e10"  
     bpdo#hasNext hasValue  Send_e116 
instance  Send_e116 memberOf {bpdo#Output, bpdo#ControlFlow} 
     bpdo#hasName hasValue  "e11"  
     bpdo#hasNext hasValue  bpdo#Null 
 
//Provision Order: It achieves the "Order Provisioned: Ready" goal.  
instance  ProcessProvisionOrder membeOf bpdo#Process 
     bpdo#hasName hasValue  "ProvisionOrder"  
     bpdo#hasDefinition hasValue  Receive_e1313 
instance  Receive_e1313 memberOf {bpdo#Input, bpdo#ControlFlow} 
     bpdo#hasName hasValue  "e13"  
     bpdo#hasNext hasValue  Send_e1415 
instance  Send_e1415 memberOf {bpdo#Output, bpdo#ControlFlow} 
     bpdo#hasName hasValue  "e14"  

     bpdo#hasNext hasValue  bpdo#Null 

There exist a relation between each event and the respective business goal (as well, relations with 

domains, goals and roles), and this annotations are shown in the following listing: 

relationInstance  bpdo#hasBusinessFunction(PRegisterUser, userKnown) 
relationInstance   
 bpdo#hasBusinessFunction(PRegisterOrder, orderRegistered) 
relationInstance   
 bpdo#hasBusinessFunction(PValidateOrder, orderValidated) 
relationInstance   
 bpdo#hasBusinessFunction(PProvisionOrder, orderProvisioned) 
relationInstance   
 bpdo#hasBusinessFunction(PActivateService, serviceActivated) 
relationInstance   

bpdo#hasBusinessFunction(PUpdateCustomerInventory, inventoryUpdated) 

 
Example 2: Process model refinement. Now that the business analyst has the model presented in 

Figure 21 in his modeling tool, he can continue modeling. He is in the refinement phase, where he 

needs to find implementation fragments for each abstract task. The action he has to perform is to 

select the task, for instance Provision Order, and click the menu for a refinement. The framework will 

look for the models or fragments annotated by the goal Order Provisioned, enabling the user to embed 

the Digital Asset Provision: Download Process in the model, as shown in Figure 22. 

Example 3: Querying modeling guidelines. An example for guidelines is the Parental Control for 

Digital Asset Management (DAM) Product, which implies that all processes that satisfying a set of 

characteristics (process context) must implement subprocesses which achieve the business goal 

Minors Monitoring. Concretely the context can be constituted by specifying: Business Function 

(Process Area: Manage Contact) and Business Domain (Product Area: DAM, Client Area: Minor and 

Localization Area: Spain). 
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else if ( endProcess(element1) AND endprocess(element2) 

then 

      return true 

     else  

      return false 

     end if 

    end 

   end 

  end 

The next listing presents the algorithm part of asserting types of two elements. It is characterized by 

the fact that names of channels should match in both processes. 

function boolean matchType(element1,element2) 

 begin 

  if ( type(element1) == type(element2) ) then 

   if (type(element1) in {Input,Output}) then 

    if hasCache(getName(element1)) then 

    return  

matchCache(getName(element1), getName(element2)) 

    else 

   cacheNameRelation(getName(element1), getName(element2)) 

    end if 

   end if 

  else 

   return false 

  end if 

 end 

Using behavioral queries, the business analyst can query the repository in a more intuitive way, i.e. in 

the same way he models the processes. In the following, we present two example cases for behavioral 

querying which our current prototype supports.  

Example 1: Process fragment substitution. Download Process (Figure 22) from Digital Asset 

Management (DAM) domain is a candidate to implement Provision Order step from Figure 21 for 

Digital Asset Provision Process. However in case Business Analyst wants to change the service 

modality from download to streaming, he needs a substitution functionality, where he can use a 

graphic query, allowing to change the concrete process implementation by another similar. The query 

is specified by selecting all subprocess elements of the Download Process in the modeling tool. The 

framework responds with processes (a) and (b) illustrated in Figure 23. 
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Figure 22. Digital Asset Provision: Download Process 

 

The subprocess substituting the pattern Provision Order has overall definition given by the model in 

BPDO presented in the following listing. The definition of streaming subprocess has the same 

structure, reason for the positive matchmaking using the strict congruence algorithm. 

instance  PDownloadAsset memberOf bpdo#Process 
     bpdo#hasName hasValue  "N"  
     bpdo#hasDefinition hasValue  Restric_25 
instance  Restric_25 memberOf bpdo#Restriction 
     bpdo#hasName hasValue  "Restric_25"  
     bpdo#names hasValue  { "e1" , "e2" , "e3" , "e4" , "e5" , "e6" , "e7"  } 
     bpdo#hasNext hasValue  Split26 
instance  Split26 memberOf bpdo#Concurrent 
     bpdo#hasName hasValue  "Split26"  
     bpdo#subdivide hasValue  {PC_Start, PC_CustomerDataAcquisition,  
      PC_Split, PC_ContentDelivery, PC_License, PC_Join, PC_End} 
instance  PC_Start memberOf bpdo#ProcessCall 
     bpdo#hasName hasValue  "Start"  
     bpdo#hasVars hasValue  {var_e2, var_i } 
instance  PC_CustomerDataAcquisition memberOf bpdo#ProcessCall 
     bpdo#hasName hasValue  "CustomerDataAcquisition"  
     bpdo#hasVars hasValue  {var_e2, var_e7 } 
instance  PC_Split memberOf bpdo#ProcessCall 
     bpdo#hasName hasValue  "Split"  
     bpdo#hasVars hasValue  {var_e7, var_e5, var_e6 } 
instance  PC_ContentDelivery memberOf bpdo#ProcessCall 
     bpdo#hasName hasValue  "ContentDelivery"  
     bpdo#hasVars hasValue  {var_e6, var_e4 } 
instance  PC_License memberOf bpdo#ProcessCall 
     bpdo#hasName hasValue  "License"  
     bpdo#hasVars hasValue  {var_e5, var_e3 } 
instance  PC_Join memberOf bpdo#ProcessCall 
     bpdo#hasName hasValue  "Join"  
     bpdo#hasVars hasValue  {var_e3, var_e4, var_e1 } 
instance  PC_End memberOf bpdo#ProcessCall 
     bpdo#hasName hasValue  "End"  
     bpdo#hasVars hasValue  {var_e1, var_o } 
 
relationInstance  bpdo#hasBusinessFunction(PDownloadAsset, orderProvisioned) 
instance  orderProvisioned memberOf bco#BusinessFunction 
     bco#hasName hasValue  "Order Provisioned"  
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     bco#hasDescription hasValue  "Achieving this Goal means: the User can 

access the requested Asset" 

 

 

Figure 23. Digital Asset Provision: Substitution Candidates 

 

Example 2: Process model autocompletion. Both Download and Streaming processes are always 

followed by “Contents Delivery Update” fragment. By performing queries, the dynamic querying 

component can autocomplete the end to end process to create the Product Provision Process shown 

in Figure 24, where Download Process belongs to. 

 

Figure 24. Product Provisioning Business Process 

 

The autocompletion uses an extension of the structural congruence algorithm, which relaxes the stop 

condition while searching for remaining process part in the repository. The matchmaking starts 

comparing subsequent tasks in the model definition against process artifacts in the repository. If the 

algorithm detects similarity in the initial set of tasks, it recommends the user to complete the model by 

using the remaining part of the most similar artifact found.  

In the process represented in Figure 24, the user started a new process from scratch, he has 

annotated the initial three tasks with respective goals, and has submitted it as a query for 

autocompletion. The framework recognizes a pattern in the repository, where the goal Inventory 

Updated should follow the tasks achieving the goals Delivery Checked, Payment Checked and Order 

Provisioned. If the user accepts the recommendation, he can consequently look for a process fragment 

implementing the goal. 
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9 Discovery System Architecture and Prototype 
Implementation 

The discovery system consists of two components, namely the fragmenter component and process 

querying framework. In the following sections, we describe the design and prototypical implementation 

of these components. The prototypes are currently being integrated with the modeling tool (D5.1). 

9.1 Fragmenter Component 

The Fragmenter component is responsible for detection of process fragments candidates. 

Fragmenter (Façade) 

The access to the component is facilitated by a façade class Fragmenter that needs to be instantiated 

first. It takes as an input BPMO ontology (either as org.omwg.ontology.Ontology object or a 

java.io.Reader with WSML source), and returns process fragments either serialized to a WSML string 

or as org.sbpm.bpmo.ProcessFragment. 

BPMOModel 

Detecting of fragments in ontology is done by reasoning and therefore no special arrangements are 

needed for detecting block-based fragments. However, for detection of SESE structures (and hence 

graph-based fragments) an ontology representation needs to be converted to a respective graph 

representation. 

BPMOModel is used to store in-memory graph representation of the BPMO processes. It uses  lists of 

BPMONode and BPMOEdge instances. Additionally, references between nodes are also kept in order 

to speed up some computations. BPMOModel also provides some handy methods for operations on 

graphs.  

The most important, however, is method detectBPMOProcessFragments(). As described in the 

approach (see 8.1.3) it calls two internal methods: detectFragmentsBlocks(), and 

detectFragmentGraphs(). The first one uses a reasoner in order to retrieve process fragments, the 

latter implements SESE structure detection. 

BPMOModelBuilder 

BPMOModel, however, is not able to initialize its nodes and edges from WSML source. Therefore, 

additional helper class, BPMOModelBuilder, has to be used. Such separation gives additional flexibility 

as one can imagine translator classes that also build BPMO models but from other process ontologies, 

e.g. eEPC, sBPMN. Even, detecting fragments in those ontologies is then straightforward. 

In order to get the BPMO model, one need to call buildModel(ontology) method, accordingly to the 

source of ontology. It first adds to the model the flow objects (like tasks, gateways, events, and blocks) 

calling addFlowObjects(), which are represented as BPMONodes. Then it adds connectors between 

nodes objects calling addConnectingObjects(), thus creating BPMOEdge instances. Information about 

process ownership is also required therefore processes are also analyzed – addProcesses(). 
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The dependencies between mentioned classes are shown in the class diagram in Figure 25. 

 

Figure 25. Class diagram for process fragments detecting component 
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Interaction between components 

If BPMO Modelling tools is to use Fragmenter façade, it first needs to create an instance. Fragmenter 

is also prepared to be published as a Web Service; in this case instantiation would not be needed. By 

calling detect* methods of the Fragmenter it can receive required results – a process fragments in 

requested form.  

The fragmenter itself creates instance of BPMOModelBuilder and build a model from the provided 

ontology. It then calls fragment detecting on the model and passes the results back to the fragmenter. 

When an array of ProcessFragment[] is required as a result, an additional component has to be used. 

Since we decided to use low-level WSMO4j API (reasons below), the ontology with detected fragments 

is first requested from BPMOModel and serialized and then BPMOParser is used to parse process 

fragments into appropriate representation. 

The whole interaction is presented as a sequence diagrams in Figure 26. 
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Figure 26. Sequence diagram for process fragments detecting component. 

 

Implementation notes 

The fragmenter uses directly WSMO4j in order to take advantages of low-level operations. BPMO API 

reads a WSML process representation into memory and then detaches from the underlying ontology. It 

can serialize ontology to WSML file but with collapsed namespaces and a default namespace changed 

to BPMO namespace. As an outcome, it is hard to track changes in the ontology. It proved especially 

important for external components that need only fragments appended to the end of WSML file (like 

annotations), without destroying existing namespaces and hand-crafted names of the process 

elements. Using WSMO4j also allows to make direct operations on ontologies (like adding instances) 

and reasoning. BPMO API just treats WSML as a second representation while in the fragmenter 

component we needed it as a primary representation (and BPMOModel the derived representation). 

9.2 Process querying framework 

The framework developed for process querying delivers a list of existing components that can be 

reused, new component implementations, integration techniques and interfaces for external access. 

This section explains the implementation based upon the theory presented before. 

The section continues explaining the chosen components in Section 9.2.1. Section 9.2.2 shows how 

the components work together, by explaining the architecture for the overall (modeling) system. 

Section 9.2.3 gives an overview of detailed packages implementations, as well as API connectivity. 

9.2.1 Framework components 

The implementation began with a search for already implemented components which would fit the 

framework. The needs were: a common API for exchange information between subcomponents; a 
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parser/serializer; reasoner for querying the static annotations of process descriptions and a reasoner 

for the dynamic behavior (calculus) for evaluation of processes equivalence. 

WSMO4J is a component with an API and a reference implementation for WSMO v1.2 and WSML 0.2 

specifications. It is used for building Semantic Web Services, therefore enabling business processes to 

be modeled and handled semantically. This component provides the needed common API. 

Parsing and serializing API are provided already by the WSMO4J API, for handling ontologies in the 

system. However, parser and serializer interfaces should be implemented for any new type of 

input/output that the system must recognize. Here comes to play the pi representation of processes, 

which should be implemented. 

WSML2Reasoner denominates itself as a framework, because it encapsulates many functionalities like 

validation, normalization, and transformation with a purpose to the translation of WSML ontology into 

the appropriate syntax of several underlying reasoning engines. Here, WSML2Reasoner is a 

component which wraps the underlying reasoning and provides a WSML compliant API for reasoning. 

KAON26 and IRIS7 are two underlying ontology reasoners, the first is capable of manipulating SHIQ(D) 

subset of OWL-DL for reasoning. The second is a reasoning engine for expressive rule-based 

languages supporting Datalog and the F-Logic for WSML Flight variant. Together, WSML2Reasoner 

and KAON2/IRIS are providing the reasoner for static annotations. 

The Mobility Workbench (MWB) and Advanced Bisimulation Checker (ABC) were cited as possible 

components for performing pi reasoning. The coupling of these components to the framework is a 

problem, and the solution is the reimplementation of bisimulation algorithms. This work needs 

algorithms for comparing business process definitions, what is particularly the case in the bisimulation 

theory.  

Figure 27 depicts the connection of all components. Components are mainly organized in three layers: 

the first layer describes high level understanding of components (those depicted in dark grey in Figure 

27); the second layer shows components accessed when querying (depicted in white color); and the 

third layer is tying together WSML2Reasoner and back-end reasoners components (in light gray). 

                                                      
6 http://kaon2.semanticweb.org/ 
7 http://iris-reasoner.org/ 
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Figure 27. Framework components 

 

9.2.2 Architecture and implementation 

The architecture design for a process querying framework is a simple modular component architecture. 

The framework consists of: i) a rich formal model for describing business processes not only as 

workflows, but associating organizational properties or technical resources; ii) a set of components, 

which enable an innovative way to work with business processes; iii) and the language used in the 

communication between components. 

In the previous section we introduced the components present in the architecture. The provided 

functionalities are depicted in form of a UML sequence diagram, obtained from the diagram in Figure 

4. A simple search represented in Figure 28 basically introduces the framework. It reflects the initial 

step done by business analysts: try to find an existing solution. 
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Figure 28. Static querying 

 

The user submit the query to the system (message “:1” ), by choosing concepts from a loaded 

ontology base, so that he can chose different concepts for the model he is looking for. Already in the 

tool, the query (message “:2” ) is submitted to the semantic reasoner, a facade for the ontology 

reasoner, in the form previously described. The query is adapted and forwarded for the reasoner 

(message “:3” ). The semantic reasoner waits for the answer of the underlying reasoner, analyzing the 

result: if the result set is too short, the semantic reasoning can decide to relax the query and perform a 

new request (box “too few”); or if the result set is too large (box “too many” ), it can decide to filter 

asking the user for more specific information. The framework gives the user back the control of the 

modelling tool, with a ranked list inside a pop-up window, for him to choose the right model to be used. 

A formal model is grounding the business process description, and in Section 8.2.3 we discussed how 

this formal model helps in finding equivalence between process definitions. Targeting substitution and 

auto-completion, the framework contains algorithms for comparing models and fragments. The 

procedure for doing behavioural querying begins just like for static querying, because it is necessary to 

first find similar models. Retrieved models are more probably containing the desired behaviour and 

they are checked against the query definition for equivalence. Models/fragments passing the test 

compose the result set.  
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Figure 29. Dynamic querying 

 

In Figure 29, the content of messages is more complex: message “:1” is a selection of a model part in 

the editor; message “:2” contains static and dynamic query information like described in Section 8.2.3; 

following steps are the same – a query for the static characteristics of a process is performed; in 

message “:5” process pairs (query reference and tested process) are sent to the pi reasoner, which 

answers whether both are similar. This last call has to be done for each process/fragment obtained in 

the first step. 

The difference in substitution and autocompletion is mainly based on the reference process 

description: for process substitution, one is interested in finding a similar process part for the selected 

fragment; while for autocompletion, one is interested in finding models that are similar for already 

modelled parts, where the result not the similar part itself, but the rest of the model. 

Searching for guidelines is internally similar to static querying (Figure 28). However, the message “:1” 

and “:2” are slightly different: the first is composed by the information obtained direct from the model, 

the semantic annotations; the second informs that the user is looking for guidelines, and not models or 

fragments. 

The reasoning component provides an interface for integration. The following listing is the interface for 

creating a static query from given concepts (or directly concept instances). It encapsulates the logic of 

relaxation and refinement, for the interaction previously shown. 

package sap.research.bpm.query; 
 
import org.omwg.ontology.Concept; 
 
/** 
* Encapsulate logic for creating Querying string 
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* for static characteristics of processes. 
*/ 
public interface StaticQuerying { 
 
 public void add(Concept concept, boolean required); 
 public String getQuery(); 
 public String getRelaxedQuery(); 
 public String getRefinedQuery(); 
 
} 
 

The query interface given below describes how the framework accept an ontology as input, and gives 

a RankedResult list as output. This interface is used when a dynamic query is specified. 

package sap.research.bpm.query; 
 
import org.omwg.ontology.Ontology; 
import sap.research.bpm.reasoning.RankedResult; 
/** 
* 1- Separate static and dynamic behavior from the query 
* 2- Query for static fitting processes/fragments 
* 3- Perform equivalence tests 
* 4- Rank Results into the RankedResult 
*/ 
public interface DynamicQuerying { 
 public RankedResult<Ontology> executeQuery(Ontology query) 
 throws Exception;  

} 

While the reasoner is deciding for valid results, it adds matching artifacts to an object type 

RankedResult. The following listing shows the structure of an RankedResult.  

package sap.research.bpm.reasoning; 
import java.util.ArrayList; 
import java.util.Collection; 
import java.util.Collections; 
import java.util.Iterator; 
import java.util.List; 
 
public class RankedResult<T> implements Iterable<Result<T>> { 
 
 private List<Result<T>> rank = new ArrayList<Result<T>>(); 
 
  public void add(int match, T item) { 
   rank.add(new Result<T>(match, item)); 
  } 
 
 public void addAll(int match, Collection<T> all) { 
  for (T t : all) { 
  this.add(match, t); 
  } 
 } 
 
 public Iterator<Result<T>> iterator() { 
  Collections.sort( rank ); 
  return rank.iterator(); 
 } 
} 
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10 Conclusions 

In this deliverable we presented comprehensive approaches to business process querying and 

process fragment identification. The approaches were designed based on a requirements analysis, 

and a prototypical implementation of the framework was developed. We intend to continue the work on 

fulfilling all the presented requirements in a follow-up deliverable document. Future investigations will 

be done in several directions. First, we aim to advance the prototypical implementation of our 

framework by supporting more complex cases in behavioral querying. We plan to extend the definition 

of the process context in collaboration with deliverables D1.2 and D1.6 and design a user-friendly 

querying interface so that the users can easily pose precise queries. We will also do further research 

on advancing the process detection algorithm. Another interesting direction is supporting the relaxation 

and refinement of queries and defining similarity measures for process models with the purpose of 

quantifying the level of similarity between two models. 
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Abstract. We present a technique to enhance control-�ow analysis of business
process models. The technique considerably speeds up the analysis and improves
the diagnostic information that is given to the user to �x control-�ow errors.
The technique consists of two parts: Firstly, the process model is decomposed
into single-entry-single-exit (SESE) fragments, which are usually substantially
smaller than the original process. This decomposition is done in linear time. Sec-
ondly, each fragment is analyzed in isolation using a fast heuristic that can ana-
lyze many of the fragments occurring in practice. Any remaining fragments that
are not covered by the heuristic can then be analyzed using any known complete
analysis technique.
We used our technique in a case study with more than 340 real business pro-
cesses modeled with the IBM WebSphere Business Modeler. The results suggest
that control-�ow analysis of many real process models is feasible without signif-
icant delay (less than a second). Therefore, control-�ow analysis could be used
frequently during editing time, which allows errors to be caught at earliest possi-
ble time.

1 Introduction

The quality of a business process model becomes crucial when it is executed directly on
a work�ow engine or when it is used for generating code that is to be executed. A correct
model is also important when one tries to obtain realistic business measures from a
process model through simulation. Detecting and �xing errors as early as possible can
therefore substantially reduce costs.

The control �ow of a business process can be modeled as awork�ow graph[11, 14].
A work�ow graph that has no structural errors such asdeadlocksor lack of synchroniza-
tion [11] is said to besound[14]. Soundness can and should be checked automatically
during the modeling phase. To achieve a high acceptance among the users, the sound-
ness check should

� be as fast as possible and not delay the process of constructing the model — note
that a fast soundness check that can be done after each small change of the model
allows the user to identify the change that introduced an error — and

� produce useful diagnostic information that helps to locate and �x errors.



When reviewing the techniques currently available for deciding soundness, there
seems to be a trade-o� between the two requirements. The fastest technique known (cf.
[14, 6]) translates the work�ow graph into afree choice Petri net(cf. [2]) and then de-
cides soundness of that Petri net using therank theorem(cf. [2]). This technique uses
time that is cubic in the size of the work�ow graph, but does not provide useful diag-
nostic information. The best diagnostic information is currently provided by a search of
the state space of the work�ow graph. This can return an execution sequence that leads
to the error but it can use time that is exponential in the size of the work�ow graph.
Esparza [3] (cf. also [2]) provides a technique that can be used to decide soundness in
polynomial time (more than cubic) which could potentially provide some diagnostic in-
formation, but the latter has not yet been worked out. The analysis tool Wo�an [17] can
decide soundness and provide diagnostic information, but because the tool ultimately
resorts to state space search, it can also take exponential time.

Some authors provide algorithms for deciding soundness for the special case of
acyclic work�ow graphs. Perumal and Mahanti [10] gave an algorithm that takes quad-
ratic time, which improves on previous approaches for that special case, which were
either slower [7] or incomplete [11].

Given any complete technique for deciding soundness from above, we propose two
enhancements in this paper. Firstly, we propose to decompose the work�ow graph into
a tree ofsingle-entry-single-exit(SESE) fragments. This technique is known from com-
piler theory and can be done in linear time [5]. To check soundness of the work�ow
graph, one can now check soundness of each fragment in isolation. The overall time
used now depends mainly on the size of the largest fragment. We show by experimental
evidence on a large number of industrial work�ow models that the largest fragment of
a work�ow graph is usually considerably smaller than the work�ow graph itself.

Zerguini [18] and Hauser et al. [4] have proposed similar techniques of decid-
ing soundness through decomposition into fragments. However, they decompose into
multiple-entry-multiple-exit (MEME) fragments. These fragments are more general,
and include SESE fragments as a special case. This however implies that a fragment
can be less intuitive in general. Moreover, their decomposition into fragments is no
longer unique and their decomposition algorithms are slower; while Zerguini's algo-
rithm [18] uses quadratic time, the time complexity of the approach of Hauser et al. [4]
is unknown, but we conjecture it to be at least quadratic. Both techniques could be used
after our fast SESE decomposition.

A nice feature of the decomposition (SESE or MEME) approach is that each error is
contained in a fragment. Thus, the error can be shown in a small local context, which in
turn should help �xing the error. Errors that are located in disjoint fragments are likely
to be independent. Hence, the decomposition also allows multiple independent errors
to be detected in one pass.

The second enhancement we propose are two heuristics that can prove soundness
or unsoundness of some fragments in linear time. The heuristics are meant to be used
before any of the complete techniques from the literature are used, because the latter are
likely to be more expensive. The heuristics are based on the observation that many of the
fragments found in real process models have a simple structure that can be recognized
quickly. The �rst heuristic uses ideas from Hauser et al. [4].



Note that simplereduction rules(e.g. [2, 11, 15]) can also be used to speed up the
veri�cation. Usually applied with low cost, they reduce the process model while pre-
serving soundness.

We have implemented our technique and tried it on two libraries of altogether more
than 340 industrial process models. 81% of the process models can be completely ana-
lyzed with the SESE decomposition and the heuristics alone. For the remaining cases,
the analysis task becomes considerably smaller through SESE decomposition.

Mendling et al. [9, 8] have analyzed more than 2000 EPC process models using the
Wo�an tool [17] for a relaxed version of soundness. We are not aware of any other
published case study with large industrial data.

This paper is structured as follows. In Sect. 2, we recall the de�nition of work-
�ow graphs and their soundness. Section 3 describes our approach in detail. Section 4
presents the results of the case study. Missing proofs can be found in a technical re-
port [16].

2 Sound Work�ow Graphs

In this section, we recall the de�nition of sound work�ow graphs [11, 14]. We also give
an equivalent characterization of soundness, which will be used later in this paper.

2.1 Work�ow Graphs

A work�ow graphis a directed graphG = (N; E), where a noden 2 N is exactly one of
the following: astart node, astop node, anactivity, afork, ajoin, adecision, or amerge
such that

1. there is exactly one start node and exactly one stop node; the start node has no
incoming edges and exactly one outgoing edge, whereas the stop node has exactly
one incoming edge but no outgoing edges;

2. each fork and each decision has exactly one incoming edge and two or more out-
going edges, whereas each join and each merge has exactly one outgoing edge and
two or more incoming edges; each activity has exactly one incoming and exactly
one outgoing edge;

3. each noden 2 N is on a path from the start node to the stop node.

Fig. 1. A work�ow graph

It follows from the de�nition that no
node is directly connected to itself. Figure 1
shows an example of a work�ow graph. An
activity is depicted as a square, a fork and
a join as a thin rectangle, a decision as a
diamond, and a merge as a triangle. Start
and stop nodes are depicted as (decorated)
circles. The unique outgoing edge of the
start node is called theentry edge, and the
unique incoming edge of the stop node is
called theexit edgeof the work�ow graph.



The semantics of a work�ow graph is, similarly to Petri nets, de�ned as a token
game. A state of a work�ow graph is represented by tokens on the edges of the graph.
Let G = (N; E) be a work�ow graph. Astateof G is a mappings : E ! N, which
assigns a natural number to each edge. Whens(e) = k, we say that edgee carriesk
tokensin states. The semantics of the various nodes is de�ned as usual. An activity,
a fork, and a join remove one token from each of its ingoing edges and add one token
to each of its outgoing edges. A decision node removes a token from its incoming
edge, nondeterministically chooses one of its outgoing edges, and adds one token to
that outgoing edge. A merge node nondeterministically chooses one of its incoming
edges on which there is at least one token, removes one token from that edge, and adds
a token to its outgoing edge.

To be more precise, lets ands0 be two states andn a node that is neither a start nor
a stop node. We writes

n
! s0 whenschanges tos0 by executingn. We haves

n
! s0 if

1. n is an activity, fork or join and

s0(e) =

8
>>>>><
>>>>>:

s(e) � 1 e is an incoming edge ofn;
s(e) + 1 e is an outgoing edge ofn;
s(e) otherwise.

2. n is a decision and there exists an outgoing edgee0 of n such that

s0(e) =

8
>>>>><
>>>>>:

s(e) � 1 e is an incoming edge ofn;
s(e) + 1 e = e0;
s(e) otherwise.

3. n is a merge and there exists an incoming edgee0 of n such that

s0(e) =

8
>>>>><
>>>>>:

s(e) � 1 e = e0;
s(e) + 1 e is an outgoing edge ofn;
s(e) otherwise.

Noden is said to beactivatedin a states if there exists a states0 such thats
n

! s0.
A states0 is reachable froma states, denoteds

�
�! s0, if there exists a (possibly empty)

�nite sequences0
n1
! s1 : : : sk� 1

nk
! sk such thats0 = sandsk = s0.

2.2 Soundness

To de�ne soundness[14] of a work�ow graphG, we use the following notions. The
initial stateof G is the state that has exactly one token on the entry edge and no tokens
elsewhere. Theterminal stateof G is the state that has exactly one token on the exit
edge and no tokens elsewhere. Astopping stateof G is a state ofG in which the exit
edge carries at least one token.

G is live if for every states that is reachable from the initial state, a stopping state is
reachable froms. G is safeif the terminal state is the only stopping state that is reachable
from the initial state.G is soundif it is live and safe. The soundness criterion is a global
view on correctness. Liveness says that each run can be completed, and safeness says
that each completion of a run is a proper termination, i.e., there are no tokens inside the
graph upon completion. The work�ow graph in Fig. 1 is sound. Figure 2 shows simple



examples of unsound graphs. The graph in part (a) is not live, the graph in part (b) is
not safe.

Fig. 2. Structural con�icts: (a) a local deadlock (b) a lack of synchronization

The two examples of unsound work�ow graphs in Fig. 2 are examples of astructural
con�ict, viz. alocal deadlock(part a) and alack of synchronization(part b) [11]. Alocal
deadlockis a statessuch that there exists a joinn where (i) at least one incoming edge of
n carries a token insand (ii) there is an incoming edgeeof n such thatedoes not carry
a token in any states0 that is reachable froms. That is, that join will never get `enough'
tokens. A states of G haslack of synchronizationif there is a mergen such that more
than one incoming edge ofn carries a token, i.e., that merge gets `too many' tokens.
Note that a lack of synchronization can lead to a state where there is more than one
token on a single edge. Van der Aalst et al. [14] have shown that for acyclic work�ow
graphs, soundness is equivalent with the condition that neither a local deadlock nor a
state with lack of synchronization is reachable from the initial state. We generalize this
here for arbitrary work�ow graphs, therefore providing a local view of correctness for
arbitrary work�ow graphs.

De�nition 1. LetG be a work�ow graph.G is locally live if there is no local deadlock
that is reachable from the initial state.G is locally safeif no state is reachable from the
initial state that has more than one token on a single edge.

Theorem 1. A work�ow graph is sound if and only if it is locally safe and locally live.

3 Enhanced Control-Flow Analysis

In this section, we explain the decomposition of a work�ow graph into SESE fragments
and show how some fragments can be quickly recognized as sound or unsound.

3.1 Decomposition into Fragments

Figure 3 shows a work�ow graph and its decomposition intoSESE fragments(cf. e.g.
[5]). A SESE fragment is depicted as a dotted box. LetG = (N; E) be a work�ow
graph. ASESE fragment(fragmentfor short)F = (N0; E0) is a nonemptysubgraphof
G, i.e., N0 � N and E0 = E \ (N0 � N0) such that there exist edgese;e0 2 E with
E \ ((N n N0) � N0) = fegandE \ (N0 � (N n N0)) = fe0g; e ande0 are called theentry
and theexit edge ofF, respectively.



Fig. 3. Decomposition of a work�ow graph into canonical fragments

The work�ow graph shown in Fig. 3 has more fragments than those that are shown
explicitly. For example, the union of fragmentsJ and K, denotedJ [ K, as well as
K [ L are fragments. Those however are not of interest here and they are subsumed
in fragmentX. Interesting fragments will be calledcanonical, which are de�ned in the
following. We say that two fragmentsF andF0 arein sequenceif the exit edge ofF is
the entry edge ofF0 or vice versa. The unionF [ F0 of two fragmentsF andF0 that are
in sequence is a fragment again. A fragmentF is non-canonicalif there are fragments
X;Y;Z such thatX andY are in sequence,F = X [ Y, andF andZ are in sequence;
otherwiseF is said to becanonical.

The fragments shown in Fig. 3 are exactly the canonical fragments of that work�ow
graph. Canonical fragments do not overlap. Two canonical fragments are either nested
or disjoint [5]. Therefore, it is possible to organize the canonical fragments in a unique
tree, similarly to the Program Structure Tree shown in [5]. We call this tree theprocess
structure treeof a work�ow graph. It can be computed in time linear in the size of
the work�ow graph [5]3. As we are only interested in canonical fragments, we mean
`canonical fragment' whenever we say `fragment' in the following.

Figure 4 shows the process structure tree of the work�ow graph from Fig. 3. A
fragment is represented as a boxed tree node. In addition, we represent the nodes of the
work�ow graph as leaves in the tree. Theparentof a fragmentF (a work�ow graph
noden) is the smallest fragmentF0 that containsF (n). Then, we also say thatF is a
child fragmentof F0 (n is achild nodeof F').

To check the soundness of a work�ow graph, it is su� cient to analyze the soundness
of its fragments in isolation. Note that a fragment can be viewed as a work�ow graph by
adding entry and exit edges as well as a start and a stop node. Hence we can apply the
notion of soundness also to fragments. The following theorem follows from classical
Petri net theory (e.g. [12], cf. also [13, 14, 18]).

3 Note: Ananian [1] gives a slightly modi�ed linear time algorithm that includes corrections.



Fig. 4. The process structure tree of the work�ow graph in Fig. 3

Theorem 2. A work�ow graph is sound if and only if all its child fragments are sound
and the work�ow graph that is obtained by replacing each child fragment with an ac-
tivity is sound.

Checking soundness of fragments can therefore be done along the structure of the
process structure tree, starting from the leaves upwards. If a fragmentF was checked
for soundness, checking soundness of the parent fragment (in the tree) can abstract from
the internal structure ofF, i.e., F can be treated as an activity in the parent fragment.
Figure 5 shows fragmentsJ andV from Figs. 3 and 4, where fragmentJ abstracts from
the structure of the child fragmentsC andD and fragmentV abstracts from the structure
of fragmentO.

Fig. 5. FragmentsJ andV ignoring the structure of their child fragments

3.2 Heuristic for Sound Fragments

Many fragments that occur in practice have a simple structure that can easily be rec-
ognized, which identi�es those fragments as being sound. To this end, we de�ne the
following categories, based on de�nitions given by Hauser et al. [4].

De�nition 2. Let F be a fragment of a work�ow graph.F is

1. well-structuredif it satis�es one of the following conditions:



� F has no decisions, merges, forks or joins as children in the process structure
tree (sequence),

� F has exactly one decision and exactly one merge, but no forks and no joins as
children. The entry edge ofF is the incoming edge of the decision, and the exit
edge ofF is the outgoing edge of the merge (sequential branching),

� F has exactly one decision and exactly one merge, but no forks and no joins as
children. The entry edge ofF is an incoming edge of the merge, and the exit
edge ofF is an outgoing edge of the decision (cycle),

� F has exactly one fork, exactly one join, no decisions and no merges as chil-
dren. The entry edge is the incoming edge of the fork. The exit edge is the
outgoing edge of the join. (concurrent branching).

2. anunstructured concurrentfragment ifF is not well-structured, contains no cycles,
and has no decisions and no merges as children.

3. an unstructured sequentialfragment ifF is not well-structured and has no forks
and no joins as children.

4. a complexfragment if it is none of the above.

It is easy to see that it can be decided in linear time to which of the four categories
listed above a fragment belongs.

Theorem 3. If a fragmentF is well-structured, an unstructured concurrent, or an un-
structured sequential fragment, thenF is sound if and only if all its child fragments are
sound.

This theorem was already observed by Hauser et al. [4]. Note that all fragment
categories ignore the structure of child fragments, taking only the top-level structure
into account. In Fig. 3, fragmentsX andY are well-structured (sequence) and so are also
fragmentsC, O, Z (concurrent branching) andJ (sequential branching). FragmentsK
andV are examples of unstructured concurrent and unstructured sequential fragments,
respectively. Note that unstructured sequential fragments may contain cycles, whereas
unstructured concurrent fragments must not.

A complex fragment may be sound or unsound. FragmentW in Fig. 3 is a sound
complex fragment. It follows from Theorems 2 and 3 that the entire work�ow graph in
Fig. 3 is sound.

3.3 Heuristic for Unsound Fragments

Some complex fragments can be e� ciently determined as not being sound:

Theorem 4. A complex fragmentF is not sound if it satis�es one of the following con-
ditions:

1. F has one or more decisions (merges), but no merges (decisions) as children in the
process structure tree,

2. F has one or more forks (joins), but no joins (forks) as children,
3. F contains a cycle, but has no decisions or no merges as children.

It is again easy to see that this heuristic can be applied in linear time. We actu-
ally found numerous errors in real process models using this heuristic (see Sect. 4.2).
The relative strength of this heuristic is due to the fact that, similar to the heuristic in
Sect. 3.2, the structure of child fragments is ignored.



4 Case Study

In this section, we describe the results of an application of our proposed technique in a
case study with industrial data.

4.1 The Data

We have analyzed the soundness of more than 340 work�ow graphs that were extracted
from two libraries of industrial business processes modeled in the IBM WebSphere
Business Modeler. Although the modeling language used there is more expressive than
work�ow graphs, it was possible to translate the process models into work�ow graphs
because strict guidelines were used for the construction of these process models. The
description of the translation is beyond the scope of this paper.

Library 1 consists of more than 140 processes. The extracted work�ow graphs have,
on average, 67 edges, with the maximum being 215. Library 2 is an experimental ex-
tension of Library 1. It contains similar processes, but many features were added to the
processes and also some processes were added. It contains more than 200 processes,
the extracted work�ow graphs have 99 edges on average, with the maximum being 342.

4.2 The Results

We analyzed the libraries using an IBM ThinkPad T43p laptop that has a 2.13 GHz Intel
Pentium M processor and 2 GB of main memory. The entire Library 1 is analyzed in
9 seconds, and Library 2 in 15 seconds. Thus, the average analysis time per work�ow
graph is less than 0.1 seconds.

SESE DecompositionAs described in Sect. 1, the worst-case time a complete tech-
nique needs for checking the soundness of a work�ow graph can be polynomial or
exponential in the sizeg of the work�ow graph, which is de�ned to be its number of
edges. Similarly, the size of a fragment is de�ned as its number of edges plus 2 (for the
entry edge and the exit edge). If we use a complete technique after the SESE decompo-
sition according to the procedure in Sect. 3.1, the time used is linear in the number of
fragments. Note also that the number of fragments in a work�ow graph is at most twice
the number of nodes. The overall time used therefore mainly depends on the sizefmax of

Table 1. Graph size (i.e., number of edges) compared to the size of the largest fragment in the
graph and size reductions for the work�ow graphs in Library 1

Graph size Largest fragment size Reduction Reduction
g fmax g � fmax g=fmax

Maximum 215 51 191 9.0
Average 67 24 44 2.8
Minimum 11 11 0 1.0



Fig. 6. Size of largest fragment in relation to graph size for all work�ow graphs in Library 1

the largest fragment to which we have to apply the complete technique. If the complete
technique uses polynomial timegc for some constantc, then the reduction that SESE
decomposition could achieve isgc=f c

max = (g=fmax)c. If the complete technique uses
exponential timecg, then the possible reduction iscg=cfmax = cg� fmax. Table 1 shows the
values forg=fmax andg � fmax for Library 1 as an indication of the reduction achieved
due to SESE decomposition.

Figure 6 shows the largest fragment size in relation to the graph size for each work-
�ow graph in Library 1. It shows that the graph size has only a minor impact on the
largest fragment size. Therefore, the reduction increases as the graph size increases.
Thus, the technique is most useful when the complete techniques would be most time
consuming. Even a small reduction can be signi�cant, as the complete techniques for
checking soundness can take a time that is cubic or exponential in the graph size.

Table 2 shows the reduction statistics for the work�ow graphs in Library 2. The
graphs are larger, and also the reduction is higher.

Table 2.Graph size compared to the size of the largest fragment in the graph, and size reductions
for Library 2

Graph size Largest fragment size Reduction Reduction
g fmax g � fmax g=fmax

Maximum 342 82 328 24.4
Average 99 21 78 5.6
Minimum 12 6 5 1.5

Using both heuristics from Sect. 3, we can decide soundness for 68.5% of the work-
�ow graphs in Library 2. For the remaining graphs, our prototype tool highlights the
complex fragments that may be unsound. A complete analysis method is needed to



Table 3. Library 2: Graph size, largest fragment size, and reduction for the remaining 31.5% of
work�ow graphs for which soundness is unknown after applying our heuristics

Graph size Largest fragment size Reduction Reduction
g fmax g � fmax g=fmax

Maximum 334 82 284 10.4
Average 126 32 94 4.3
Minimum 40 12 25 1.6

decide their soundness, or they can be reviewed manually. The reduction statistics for
these remaining work�ow graphs are shown in Table 3.

Fragment Categories Even though our heuristics from Sect. 3 are incomplete, we
were able to decide soundness for all the work�ow graphs from Library 1. They are all
sound.

The �rst column in Table 4 illustrates the distribution of fragments according to
the categories de�ned in Sects. 3.2-3.3 for Library 1. We excluded here any fragments
that are well-structured sequences from these statistics, because most fragments are
sequences and those are trivially sound and thus not interesting.

We can also put entire work�ow graphs into the various categories. For example, a
work�ow graph iscomplexif it has at least one complex fragment. Complex graphs are
further divided into those known to be not sound by applying the heuristic in Sect. 3.3
and those for which soundness is unknown. A work�ow graph isunstructuredif it has
at least one unstructured fragment and no complex fragments. Otherwise, a graph has
only well-structuredfragments and it is therefore calledwell-structured. Column 3 of
Table 4 shows the distribution of work�ow graphs in Library 1 in the various categories.
The last two columns present the same statistics for Library 2.

Table 4.Categories of fragments and work�ow graphs in the libraries

Library 1 Library 2
Fragment category/ Percentage Percentage Percentage Percentage
Work�ow graph category of fragments of graphs of fragments of graphs

Well-structured (sound) 54.8% 37.5% 65.4% 33.3%
Unstructured (sound) 45.2% 62.5% 14.9% 23.1%
- Unstructured concurrent 1.4% - 6.0% -
- Unstructured sequential (acyclic) 29.2% - 4.4% -
- Unstructured sequential (cyclic) 14.6% - 4.6% -
Complex 0.0% 0.0% 19.7% 43.5%
- Complex (not sound) 0.0% 0.0% 5.4% 12.0%
- Complex (soundness unknown) 0.0% 0.0% 14.3% 31.5%



Most fragments are well-structured, which makes it attractive to analyze fragments
separately. However, only a third of the work�ow graphs are well-structured and there
is a considerable number of sound unstructured work�ow graphs. Therefore, although
well-structuredness is also an appealing correctness requirement, it seems to be overly
restrictive. As unstructured fragments occur often, it makes sense to detect those with
fast heuristics before using a complete analysis technique. Our heuristics can decide
soundness not only for many fragments, but also for a signi�cant proportion of the
work�ow graphs.

In Library 2, 43.5% of the work�ow graphs contain at least one complex fragment.
Only one work�ow graph has more than one complex fragment. 19.7% of the fragments
in Library 2 are complex fragments. Our heuristic recognized 27.3% of these fragments
as being unsound. We have not yet checked the soundness of the remaining complex
graphs by integrating our tool with a complete analysis method. The high error rate in
Library 2 is due to its experimental nature.

5 Conclusion

We proposed a technique to focus and speed up control-�ow analysis of business pro-
cess models that is based on decomposition into SESE fragments. The SESE decom-
position could also be used for other purposes such as browsing and constructing large
processes, discovery of reusable subprocesses, code generation, and others.

We also proposed a partition of the fragments into various categories, which can be
computed fast. We think that tagging a fragment with its category may help to better
understand the process model and may help to establish modeling patterns. It also helps
to speed up the control-�ow analysis as many of the correct fragments that occur in
practice have a simple structure.

We plan to integrate our prototype with existing complete veri�cation techniques
and measure the impact of SESE decomposition on the analysis time. In addition, we
plan to investigate the errors that occur in Library 2, together with approaches to �x
them.
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