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Abstract 

 

Process oriented technique such as workflow management system is attracting increasing 

attentions in the e-commerce environment, especially from an inter-organizational workflow 

perspective. A soundness concept, which identifies if a workflow can terminate properly, is an 

important factor that needs to be considered when designing a workflow. In an inter-

organizational workflow environment, the soundness issues become more complicated 

considering the size of the overall workflow and the privacy of the workflow within 

individual organization. One of the major approaches to tackle this problem is to use local 

criteria principle. This principle allows the soundness of the entire inter-organizational 

workflow to be achieved without knowing the detail workflow of every participating 

organization. This way, the privacy problem is addressed. Moreover, the coordination effort 

among business partners to ensure soundness can be reduced. However, this principle 

sometime can become too restrictive when we attempt to ensure the overall workflow is 

sound while changes are made to the workflow. It is not always easy to reach a balance 

between achieving soundness and flexibility.  

 

The public-to-private (P2P) approach is one of the important inter-organizational workflow 

design methods that follow the local criteria principle. The concept of branching bisimulation 

is considered as the local criterion in the P2P approach. This research investigates approaches 

to make the P2P approach more flexible by proposing a limited equivalence concept in an 

inter-organizational workflow context that can function as a local criterion. This research will 

also prove that this new local criteria concept will make the overall inter-organizational 

workflow sound.   
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Chapter 1.  Introduction 

1.1. Research Background 
 

Process oriented techniques such as Workflow Management System and Web Services 

Composition are attracting more and more attentions in the e-commerce environment. These 

techniques will result in more flexible information systems to handle the increasingly 

complex business processes, especially for systems integration among organizations. 

However before the potential of process oriented techniques can be fully realized, several 

theoretical issues need to be addressed. One of these issues is the “soundness” problem (van 

der Aalst 1996). “Soundness” is a criterion proposed by van der Aalst (1996) to ensure a 

process can terminate properly. It is an important issue because a mistaken process definition 

can lead to undesirable situation such as deadlock, which is unaccepted in real life business 

processes. A simple approach to verify the soundness of workflow is to require all business 

processes to be declared to all participants. This may be difficult in business environment due 

to the unwillingness of business partners to expose details of their business processes. In 

addition, due to the size and complexity of a workflow, a soundness verification algorithm 

that requires details of each component of a workflow will not provide sufficient support to a 

complex business process, especially for business processes that cross the boundaries of more 

than one organizations.  

 

When designing workflow from an inter-organizational perspective, making sure soundness is 

achieved is an important issue which needs to be considered. It is relatively easy to design an 

inter-organizational workflow from scratch. However, to ensure existing workflows work 

together in an inter-organizational workflow and to allow flexible modification while ensuring 
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soundness is achieved at the same time become relatively complex and this is an important 

issue to be investigated in this research.  

 

One of the basic principles that have been proposed to address the issue of inter-

organizational workflow design and soundness verification is called the “local criteria for 

global soundness” principle (Kindler et al. 2000). A local criterion refers to a criterion that 

can be verified locally without the need to use or know detail of each component of a 

workflow. It is expected that as long as all the sub-workflows are sound and follow the local 

criteria separately under specified conditions, the whole workflow combined with these sub-

workflows are guaranteed to be sound. This way, the local criteria principle makes it possible 

to achieve global soundness of the entire inter-organizational workflow without exposing all 

private workflows to every participant (Kindler et al. 2000). Several approaches have been 

proposed based on this principle in the literature (Kindler et al. 2000, van der Aalst 1999, van 

der Aalst 2003, van Glabbeek & Stork 2003, Wombacher et al. 2004). To some extent these 

approaches have solved the problem of inter-organizational workflow design and soundness 

verification. One of these workflow design approaches is called the public-to-private (P2P) 

approach (van der Aalst et al. 2002, van der Aalst 2003), and the concept of branching 

bisimulation (van Glabbeek & Weijland 1996) is considered as the local criterion in the P2P 

approach (van der Aalst 2003). However, one of the problems of the P2P approach is that the 

local criterion can sometimes become too restrictive when the direction of message 

exchanged across organizations is not taken into account.   

 

1.2. Research Aim 
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This research aims to investigate the role of local criteria principle plays in inter-

organizational workflow design and its application in soundness verification. The research 

also aims to investigate ways to improve the P2P approach to make it more flexible.  

 

1.3. Research Objectives 

 

The objectives of this research are as follows: 

1. To investigate the feasibility and appropriateness of using process oriented techniques in 

system integration and business-to-business (B2B) scenario. 

2. To investigate issues of inter-organizational workflow design and soundness verification. 

3. To investigate the role of the local criteria principle in the inter-organizational workflow 

design. 

4. To investigate ways to improve the local criterion in the P2P approach so that more 

flexible inter-organizational workflow is possible. 

 

1.4. Organization of the Thesis 

 

The remainder of this thesis is organized as follows.  

 

Chapter 2 presents literature review. In this chapter, background of distributed information 

system and process oriented techniques, including workflow management system and web 

services composition, are introduced. Then concepts of workflow model, soundness, and local 

criteria for global soundness principle, as well as existing approaches addressing the problem 

of workflow design will be discussed.  
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Chapter 3 presents an improved local criterion for the P2P approach so that more flexible 

inter-organizational workflow design is possible. Van der Aalst (2003)’s concepts of Petri net 

workflow model, branching bisimulation and public-to-private mechanism for inter-

organizational workflow will be used as the basis of the new local criterion. In this chapter, 

these concepts will be explained first before a new concept called limited equivalence is 

proposed to design a more flexible inter-organizational workflow. Finally, conclusion and 

future research direction are presented in the last chapter.  
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Chapter 2.  Literature Review 

 

Process oriented techniques provide an important alternative to integrate existing information 

systems for the need of today’s increasing complex business process. Workflow management 

system and web services composition are two widely known process oriented techniques.  

 

The concept of workflow model and workflow management has come into being since 1970s, 

and web service is a new technique that appeared after the year 2000. Recently a number of 

researches have been conducted to investigate the relationship between workflow 

management and web services (Leymann, Roller & Schmidt, 2002, van der Aalst et al. 2003, 

Cardoso et al. 2004, Zhao & Cheng 2005). On one hand, the impact of web services on 

workflow management has become more and more significant both in academic and industrial 

sectors, and this has made workflow management a much more important approach in 

information system development. On the other hand, the knowledge in workflow management 

domain, especially workflow models, is playing an increasingly important role in the design 

and development of web services composition. This research focuses on how these process 

oriented techniques can be used in system integration and B2B scenario; in particular from an 

inter-organizational workflow perspective. 

  

To investigate the concept of workflow management and Web services, we need to start from 

the idea of distributed information system, especially from the perspective of application 

integration, and explore the concept of top-down and bottom-up approaches in information 

system development. This literature review is organized as follows: In section 2.1, the concept 

of distributed information system and middleware are discussed. Section 2.2 focuses on the 
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use of workflow management system (WfMS) in application integration. Then, Web services 

techniques will be discussed in section 2.3. Issues of inter-organizational workflow design are 

presented in section 2.4, and research gap is identified in section 2.5.  

 

2.1. Distributed Information Systems and Middleware 

 

Process oriented technique is part of a long-term effort to fully utilise existing information 

system and to make them work together. To truly understand how it comes into being and 

what problem it is expected to solve, it is necessary to consider the evolution process of 

distributed information system and the basic method in information system development.  

 

According to Alonso et al. (2004), at a conceptual level, there are three layers in an 

information system: presentation, application logic, and resource management. Presentation 

layer is responsible for presenting information to external entities and allowing the external 

entities to interact with the system by submitting operations and getting responses from the 

system. Application logic layer performs the actual operation requested by the client through 

the presentation layer. Its result is the input of the presentation logic. Resource management 

layer includes data source used by the application logic layer. Data can be stored in databases, 

file systems, or in any other format. It is also possible that resource management layer 

includes data source provided by other information system. All information systems have 

clients, which are entities that use the services provided by the information system. (Alonso et 

al. 2004, p4-5). Figure 1 (adopted from Alonso et al. 2004, p4) illustrates an information 

system and its client.  
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Figure 1. The different layers of an information system (Source: Alonso et al. 2004 p4-5) 

 

There are two basic approaches to design an information system. The first approach is top-

down design. Top-down design starts from the upper layer of the system, then turns to the 

layers supporting the upper layer. Firstly, the functionality of the system from the client’s 

point of view is identified. After that the presentation formats and protocols are defined. 

Based on the definition of the presentation layer, the application logic of the system is 

designed. The final step is to design the data structure needed to implement the application 

logic (Alonso et al. 2004 p6). The top-down design is mainly suitable to be used in situation 

when an information system is designed entirely from scratch. However in today’s business 

environment, this design method is rarely used because there are many information systems 

that have already existed and have been used effectively. It will be very inefficient to re-

design all the existing applications again in order to develop a new information system. In fact 

few organizations can afford to do so. That is why we need a second approach to design an 
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information system: the bottom-up design. This method starts from the functionality needed 

by the client. However, in the next step, it focuses on identifying existing systems that can be 

used in the resource management layer of the new system. After that, the application logic and 

presentation logics are designed (Alonso et al. 2004 p6-9). Most of the current information 

systems are designed using the bottom-up design and we will focus on bottom-up design in 

this research. All concepts which we will discuss later in this thesis including workflow 

management and Web services are based on bottom-up design. They aim to address the 

problem of application integration, that is: “How to better make use of the existing 

applications when trying to fulfill new business requirements?” 

 

The evolution of information system architecture can be seen as an investigation procedure to 

better solve the problem of application integration. In the following we will discuss different 

architectures of an information system which include 1-tier, 2-tier, 3-tier and how the 

application integration problem can be addressed.  

 

In the one-tier architecture, presentation, application logic, and resource management layers 

are merged into a single tier. Such systems are mostly mainframes-based and the clients are 

dumb terminals. When they need to be integrated with other information system, the only way 

is screen scraping. In such situation, an external system simulates the behavior of a dumb 

terminal to interact with the 1-tier system. It is obvious that this procedure is highly ad hoc 

and inefficient, which makes it difficult to integrate with such systems. Figure 2 (adopted 

from Alonso et al. 2004, p12) shows a one-tier information system.  
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Figure 2. One-tier architecture. (Source: Alonso et al. 2004, p12) 

 

In the two-tier architecture, presentation layer is moved to the client computer. This change 

leads to a new communication mechanism: remote procedure call (RPC), which enables client 

and server to interact by means of procedure calls. More importantly, the idea of application 

program interface (API) comes into being. An API specifies how to invoke a service, the 

responses that can be expected, and possibly even what effects the invocation will have on the 

internal state of the server. A server provides a set of APIs and the client can use them to 

interact with the server, which makes it easier to design and develop the communication 

mechanism. From the perspective of application integration, two-tier architecture makes it 

possible to use the client to integrate two information systems. In such a client, an extra 
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application layer is added. Figure 3 (adopted from Alonso et al. 2004, p15) shows an 

integration scenario using two-tier architectures.  

 

Figure 3. The client is the integration engine in two-tier architectures. (Source: Alonso et al. 

2004, p15) 

 

The mechanism of using client as the integration engine in two-tier architecture soon becomes 

unmanageable as the clients increase in size and complexity. Three-tier system addresses this 

problem by separating the three layer of an information system and using the application logic 

layer to integrate different applications. The application logic layer in such an architecture is 

also known as middleware, as it obviously resides at the middle tier. Middleware techniques 

such as Transaction processing monitors (TP monitors) and Common Object Request Broker 

Architecture (CORBA) are used to support the communication across the three tiers in such 

architecture. Using three-tier architecture, it is possible for the servers to interact with each 
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other and the clients do not need to be responsible for the integration logic. Figure 4 (adopted 

from Alonso et al. 2004, p17) shows a three-tier architecture in a system integration scenario.  

 

Figure 4. Integration of systems using a three-tier approach (Source: Alonso et al. 2004, p17) 

 

The evolution procedure from one-tier to three-tier architecture makes it easier to integrate 

different systems into a coherent one. Even this evolution results in performance problems 

when communication cost across different tiers increase, the gain in flexibility outweighs the 

performance issues. However, in a more complex business scenario, where there are a number 

of applications need to be executed in a particular sequence, the three-tier system may not be 

able to handle such requirements. For this reason, we need process oriented technique, which 

will be discussed in the following section.  
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2.2. Workflow Management System  

 

The techniques discussed in the last section, such as RPC, TP monitor, and COBRA, focus on 

point-to-point communication across different tiers of a system. However, there is no 

mechanism in these techniques to facilitate the definition and maintenance of the execution 

sequence of a list of applications, which is necessary when we try to integrate systems in a 

more complex business process. One perspective of the concept of business process focuses 

on the sequence of jobs and tasks perform in an organization. Business process is a set of one 

or more interdependent activities, which collectively achieve a business objective or policy 

goal (Chiu et al. 2004). The activities involved could be human-oriented activities or 

computer systems processes. In an organization, people are assigned to different tasks and 

they are working together to achieve a specific goal. Every member has its own responsibility 

and they have to work in a certain sequence to make sure the work is satisfactorily performed. 

Business process reengineering (BPR) is a management trend related to business process (van 

der Aalst 2002). This trend originated from Taylor’s scientific management theory (Taylor 

1911). The aim is to find ways to improve efficiency of an organization by conducting 

research in the routine aspect of work activities in which the goal of the business has been 

redefined. Every step of a business process is carefully studied to determine if a step can be 

removed or reorganized based on the goal of the business process.  

 

With the use of computer systems in the organization, computer processes have replaced large 

number of manual works. People have worked cooperatively with computers to achieve the 

goals of the organization, and computer-based information systems have played an 

increasingly important role in the business processes of an organization. To make business 
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process fully automated by the computer system, one of the possible approaches is the top-

down approach in information system. However, this approach which redesigns the whole 

data structure and information system in the organization from scratch can be expensive, and 

sometimes can be impossible to do because nowadays a business process is not restricted to a 

single organization, and the speed of change required by the competitive business 

environment can hinder this approach. Workflow management system is one of the products 

which represent the bottom-up approach when we attempt to fully utilise computer system in 

business processes. Workflow management system is a software system with explicit business 

process definition. In the 1970s, the rudiments of workflow management systems, which is 

often known as office information systems, were developed and implemented in the office 

automation domain. These systems differ from other systems on their explicit workflow 

models. Although there was great optimism on the applicability of office information systems 

in the beginning, very few applications have succeeded. Both the application of this 

technology and research almost stopped for a decade during the eighties. However, the idea of 

using a process model to define and implement a business process came into being. In the 

nineties, there was a renewed interest in workflow management system, particularly in the 

areas of banking and insurance (van der Aalst et al. 2003).  

 

There are two types of workflow management systems: human-oriented and system-oriented 

workflow management systems (Georgakopoulos et al. 1995). Human-oriented workflow 

involves humans collaborating in performing tasks and coordinating tasks. System-oriented 

workflow accesses heterogeneous, autonomous, and/or distributed information systems. 

While human-oriented workflow implementations control and coordinate human tasks, 

system-oriented workflow implementation controls and coordinates software tasks 

(Georgakopoulos et al. 1995). When we discuss workflow management system used in 
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application integration, we refer to system-oriented workflow management system. Its explicit 

workflow model makes it much easier to design and implement business process involves in 

different computer systems. In the next section, we will discuss the concept of workflow 

model in detail. 

 

2.2.1. Workflow Models  

 

One of the major characteristics of workflow management systems is the separation of 

function logic and flow logic. Function logic deals with a specific task, such as updating a 

customer record or calculating order discount, while flow logic deals with combining many 

functions in some sequences to solve more complex problem such as processing an order 

(Cardoso et al. 2004). From an application integration perspective, the flow logic of a 

workflow management system represents the integration logic. In a workflow management 

system, the flow logic is represented as a workflow model. Usually a workflow model is 

illustrated in a graphical model representing business processes, however it can also be shown 

using algebra models. Several components may be included in the workflow model which 

includes activities, orders, states, participants and messages between participants. In general, 

different workflow models focus on different components of a workflow. 

 

A workflow model usually doesn’t give detail of an activity but mainly focus on flow logic. 

Each activity in a workflow model represents a functional logic and they are put together in a 

certain sequence to represent the flow logic. The execution sequence of the activities is the 

order of a workflow. State is another important component in a workflow model. The state of 

a workflow identifies which activity/activities is/are executing in the workflow. Data shared 

by different activities may also be included. Petri net is an example of graphical workflow 
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model. In a Petri net workflow model, the state of a workflow is shown by the distribution of 

tokens on the circles.  

 

Participants are often not represented explicitly in a workflow model. However for an inter-

organizational workflow, it is necessary to identify different participants involved in the 

workflow. In workflow model representation such as UML activity diagram (Chiu et al. 2004) 

and Petri net (van der Aalst 1999, van der Aalst 2000, Hamadi & Benatallah 2003 ), a vertical 

line is used to divide the workflows that belong to different organizations. These workflow 

models can be used in a more detailed workflow representation when every participant 

(including human and computer system) in the same organization needs to be identified. 

Sometimes messages between the participants of a workflow are also represented in a 

workflow model. There are two types of messages: synchronous and asynchronous messages. 

If a participant must wait for the feedback of the message before doing another task, it is a 

synchronous message. Otherwise, it is an asynchronous message (Alonso et al. 2004, p. 22). 

Synchronous and asynchronous messages are illustrated with different symbols in a message 

sequence chart (van der Aalst 1999). 

 

Figure 5 shows an example of a simple workflow model using the Petri net model 

representation. The rectangles represent business activities, the arrows show the business rules 

and the relation between the business activities. The state of the workflow is illustrated by the 

distribution of tokens on the circles. Participants and messages between participants are not 

shown in a basic Petri net model.   
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Figure 5:  A Simple Workflow Model in Petri Net 

 

The separation of flow logic and function logic makes the implementation of a workflow 

management system different from other computer systems. A two-level programming model, 

with programmers implementing the functions logic and non-programmers such as business 

specialists designing flow logic, is used in the implementation of workflow management 

system (Leymann & Roller 2002). At the core of workflow management system architecture, 

an “enactment service” creates workflow instances based on the workflow model and 

performs every step by offering work to workers if it is a human-oriented workflow 

management system, or launching various kinds of applications if it is a system-oriented 

workflow management system (van der Aalst 2002). The applications, which a workflow 

management system can launch, include legacy systems, databases or other workflow 

management systems. After the implementation of the workflow management system, the 

flow logic can still be changed in a flexible way and it is not necessary to implement the 

function logics for every activity again. This feature of workflow management system makes 

it much easier for organizations to engage in a BPR project. This is because their business 

processes are easier to understand and change. This flexibility is very important to an 

application integration project.  
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2.2.2. Inter-organizational Workflow 

 

It is possible for one single workflow management system to be used by users in different 

organizations or to launch applications owned by different organizations. For example, a 

workflow management system can be used to integrate two or more Enterprise Resource 

Planning (ERP) systems used by different organizations in supply chain integration across 

different organizations (Cardoso et al. 2004).  To clarify the term inter-organizational 

workflow, we refer to workflows on two or more workflow management systems.  

 

There are two main issues that make inter-organizational workflow a domain different from 

workflow within an organization. Firstly, it is difficult to model and implement the interaction 

between two or more workflow management systems that involved in an inter-organizational 

workflow. It is very possible that different vendors have developed these workflow 

management systems separately. In general, there is still no widely supported standard for 

interoperability of workflow management system (van der Aalst & Kumar 2003). Secondly, it 

is natural that an organization is unwilling to publish its internal workflow, which makes 

inter-organizational cooperation more difficult (Chiu et al. 2004, Shen & Liu 2001, Kindler et 

al. 2000, Gou et al. 2003). 

 

There are two modes of operation for the interaction between two different workflow 

management systems in an inter-organizational workflow environment: loose integration and 

tight integration (van der Aalst & Kumar 2003). In the loose integration mode, a main 

workflow keeps running in one single workflow engine. When inter-organizational integration 

is needed, one activity of the workflow will access the workflow provided by other 

organization and wait for the response. Upon receipt of the feedback, the main workflow 
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continues. In this mode, consistency among their workflows is hard to maintain, but it is 

possible for the organizations involved to keep their internal workflow secret. Several 

mechanisms have been proposed to prevent exposing the entire internal workflow when 

cooperating in an inter-organizational workflow. Examples include process-view mechanism 

(Shen & Liu 2001) and workflow-view mechanism (Chiu et al. 2004). These mechanisms are 

useful to expose part of a workflow to other organization for the purpose of developing a 

workable inter-organization workflow while keeping the proprietary workflow secret at the 

same time. But a complete algorithm to create the partial “view” from a workflow is still 

missing. 

 

In the tight integration mode, when inter-organizational integration is needed, the workflow 

engine will ship the entire file of workflow specification to another workflow engine. When 

the other engine finishes its work, it will change the state of the file and transfer it back to the 

previous workflow engine, where the task will resume. In this mode, consistency between two 

workflows is easy to maintain. The disadvantage of this approach is participants in an inter-

organizational workflow have to expose their entire internal workflow to one another.  

 

2.3. Web Services 

 

Web services are one form of distributed information systems. It is one of the most recent 

standardization efforts which attempt to solve many important problems in the domain of 

distributed information system, especially for system development using the bottom-up 

approach. From a function logic perspective, web services technique provides a new universal 

solution for the problem of how to invoke application on other systems, which is a major issue 

in system integration. Web service is a new solution for “machine to machine” 
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communication based on the Internet technology. Furthermore, the appearance of web 

services composition language makes it possible to integrate a number of web services into a 

workflow. This addresses the standardization problem of flow logic in workflow management 

system. The W3C definition states that ‘a web service is a software application identified by a 

URI, whose interfaces and bindings are capable of being defined, described, and discovered 

as XML artifacts. A Web service supports direct interactions with other software agents using 

XML-based messages exchanged via Internet-based protocols’ (W3C 2002).  

 

To enable two application systems developed on different operating systems with different 

programming languages to understand and be able to talk to each other, it is necessary to have 

a standard. One set of standards that make web services technique possible include XML 

(eXtensible Markup Language), HTTP (Hypertext Transfer Protocol, SOAP (Simple Object 

Access Protocol), WSDL (Web Services Description Language) and UDDI (Universal 

Description, Discovery). These standards provide a set of rules that govern how applications 

make use of common web service technologies so that every system is speaking the same 

language and makes web service interoperability practical (Monson-Haefel 2004). All of 

SOAP, WSDL and UDDI are presented in a XML format, and can be described through 

certain XML schemas. The standards of web service work together to provide the foundation 

of publish, discovery and access of web services. SOAP and HTTP are used to enable the 

interaction between two systems, whereas WSDL and UDDI make dynamic discovery of 

service interfaces possible. WSDL is used to describe web services and UDDI works like a 

Yellow Page to support the register and searching of web services. These standards were 

adopted by most major computer software and service companies including Sun 

Microsystems, Microsoft, IBM, BEA and Software AG. Figure 6 (adopted from IBM. 2001) 

shows the basic web services architecture.  
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Figure 6: Web Services Architecture (Source: IBM. 2001) 

 

This architecture is the basic architecture found in almost every introduction document to web 

services architecture. In Figure 6, web service registry, web service provider, and web service 

requester are three different software systems. Firstly, the web service provider registers its 

service in a web service registry. Then a service requester finds the service it needs in the web 

service registry. Finally, the web service requester interacts with the web service provider. 

 

In a web services conceptual model, different standards are used in different layers to make 

the interoperability of web services possible. Figure 7 (adopted from IBM. 2001) shows the 

conceptual stack of web services. In general, the upper layers build upon the capabilities 

provided by the lower layers. In Figure 7, the text on the left represents standard technologies 

applied at that particular layer of the stack. The bottom layers of the stack, representing the 

base web services stack, are relatively mature and are more standardized than the layers 

higher in the stack (IBM, 2001). 
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Figure 7: Web Services Conceptual Stack (Source: IBM. 2001) 

 

We can see that the lower four layers are all well defined. They are the basis for a single 

trigger of web services and support the scenarios including sending a message (one-way), 

receiving and sending a message (request-response), sending and receiving a message (solicit-

response), or receiving a message (notification) (van der Aalst et al. 2003). From a workflow 

perspective, these four layers are concerned with the function logic of a workflow, however 

they do not provide the mechanism of sequencing and state reserving. Furthermore one single 

web service cannot do the work of an entire business process. Very often a business process 

contains more than one business activities, thus the highest layer of the web service stack, the 

business process management layer, is required. This layer describes how a number of 

business activities are organized in a business process to achieve a business objective. These 

business processes can be modeled as a business protocol often in the form of a workflow 

model. Although there are some standards and products that have been developed, there is 

still no one widely accepted standard in this domain. It is worth noting that different names 
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have been used for the standards of business process management layer in the literatures (zur 

Muehlen et al. 2004, van der Aalst et al 2003). These include web service flow language, web 

service orchestration language, web service composition language, and web-enabled 

workflow language. We adopt the name of “web service composition language” in this thesis. 

 

There are two types of web services composition language based on their design philosophies: 

REST-oriented and SOAP-oriented. A recent trend is to use these two design philosophies 

together in the web service composition (zur Muehlen et al. 2004). One of the SOAP-oriented 

web service composition languages, BPEL4WS (Business Process Execution Language for 

Web Services), is the most well-known web service composition language. The BPEL4WS 

specification is built on IBM’s WSFL (Web Services Flow Language) and Microsoft’s 

XLANG (Web Services for Business Process Design). It uses both a block-structured 

language and a graph-oriented model as workflow model. A process in BPEL4WS both 

provides and/or uses services described in the WSDL. The most significant difference 

between WSDL and BPEL4WS is that BPEL4WS provides state management function, 

which corresponds to the state factor in the workflow model (van der Aalst et al. 2003).   

 

2.4. Inter-Organizational Workflow Design 

 

Before we can effectively discuss workflow design, we will first need to have a way to 

evaluate the design. Soundness and privacy of a workflow implementation are two factors 

which we will consider here.  
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Soundness is a basic requirement for a workable workflow based on the “workflow net” 

model. (van der Aalst 1996). A sound workflow refers to a workflow that can always reach 

‘proper termination’ and contain no dead transition. Informally, a ‘dead transition’ is a useless 

activity in a workflow net model. Figure 8 shows an example of unsound workflow. 

 

 

Figure 8: An Unsound Workflow 

 

In Figure 8, activity A is executed first. Then there are two possibilities for the next task to be 

executed: (B and C) or (B and D). If activities B and C are executed, the whole workflow can 

terminate successfully after execution of E. However if activities B and D are executed, then a 

token will be stuck after activity B because activity E cannot be executed without C, and the 

whole workflow cannot terminate properly. Thus it is meaningful and important to verify the 

soundness of an existing workflow.  

 

The verification of soundness for both workflows within an organization and in an inter-

organizational workflow environment can be done automatically by using analytic techniques 

of Petri net such as liveness and boundedness verification. (van der Aalst 1996, van der Aalst 

1999). However the problem of verifying soundness of an inter-organizational workflow 

becomes more difficult when participants are not willing to expose or reveal their internal 

A 
C 

D 

B 

F 

E 



 32 

workflows. One approach proposed to solve this problem is based on scenario specified in 

terms of sequence diagrams and a slightly revised version of Petri net (Kindler et al. 2000). 

Gou et al. (2003) propose a similar approach based on UML sequence diagram and Petri net. 

 

When we discuss privacy of internal workflow implementation, most literatures refer to 

hiding detail of private workflows within an organization (van der Aalst 1999, Kindler et al. 

2000, van der Aalst 2003). But in fact, internal workflow implementation not only refers to 

the private workflow. It also includes third party workflows which the private workflow 

connects to. Consider a B2B scenario involving three participants: a customer, a distributor, 

and a producer. For the distributor, its internal workflow implementation includes not only its 

own private workflow, but also the public workflow between the distributor and the producer. 

This is not only common sense in real life business world, but also is a well accepted 

requirement for information system integration, i.e., when you call a program or function, you 

do not need to know the detail of its implementation, including how it uses other program 

modules. Instead what is required is the interface of the program module. However, this issue 

has not been fully addressed in existing literatures of workflow management.    

 

Although approaches of soundness verification already existed, it is sometimes not enough to 

know that a workflow is not sound. We need to be able to determine which part of the 

workflow that causes the unsoundness and correct it into a sound workflow. Furthermore, 

how to design a sound workflow without exposing unnecessary private information has 

become an increasingly important and practical problem.  

 

As discussed, we focus on inter-organizational workflow design in this research. Similar to 

the design of other information system, in practice, it is rare to design an inter-organizational 
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workflow from scratch assuming there is no existing workflow for all business partners. There 

are already many existing workflow management systems implemented in the business world. 

Therefore how do we make these existing workflow management systems work together and 

allow flexible workflow modification within an organization become an increasingly 

important research issue. One of the key factors to be considered to address this issue is called 

“local criteria for global soundness” (Kindler et al. 2000). It is expected that when a number 

of sound sub-workflows are organized together following a specific local criterion, the global 

soundness of the entire workflow is guaranteed. Such local criteria, if proven to be able to 

guarantee global soundness, bring several benefits. Firstly, since global soundness comes with 

local criteria, all business partners no longer need to expose or reveal details of their private 

workflows for soundness verification. All that need to be done is to check if their private 

workflows have satisfied the local criteria, which addresses the privacy issue. Secondly, when 

one or more business partners want to modify their private workflows according to their own 

business needs, such local criteria can provide a guideline to make sure the modification does 

not harm the global soundness. Finally, when new business partners need to be brought into 

an inter-organizational workflow, the local criteria principle makes it possible to keep the 

entire workflow sound and minimize the coordination with every existing business partners at 

the same time. This way it makes B2B cooperation more flexible. In the literatures, several 

approaches (Kindler et al. 2000, van der Aalst 1999, van der Aalst 2003, van Glabbeek & 

Stork 2003, Wombacher et al. 2004) based on this principle have been proposed. Although 

not all of them result in all the above benefits, the results reported in the literatures still allow 

us to understand more about the relation between sub-workflows and the entire workflow and 

make it easier to design a sound inter-organizational workflow when there are existing sub-

workflows.  
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A natural way to propose a local criterion is to distinguish between public workflows and 

private workflows first, and then prove that if all the private workflows are consistent with the 

public workflow in some ways, then the overall workflow is sound. Van der Aalst (1999)’s 

approach follows this intuition. It is based on a workflow model using Petri net and messages 

sequence diagram. Firstly, a “workflow net” model using Petri net concept is used to describe 

the private workflow. Then synchronous and asynchronous messages connecting different 

organizations are modeled using message sequence diagram. Using such a model, a 

“consistency” criterion is proposed to decide if a private workflow presented by the Petri net 

can work with the public workflow presented by the message sequence diagram. 

Unfortunately, it is very difficult to even define the criteria in a situation when there are more 

than one message sequence charts involved, which is common in practice. As a result, only 

situation called “1-consistent”, corresponding to situation when only one message sequence 

chart is involved can be considered, which is too restrictive. Kindler et al. (2000) proposed a 

similar but more comprehensive approach based on the concept of scenarios, which is similar 

to the concept of a message sequence chart. This approach is able to deal with situation when 

more than one scenarios are involved. However, Kindler et al. (2000) did not provide proof 

for one of the theorems reported to achieve this.  

 

van Glabbeek & Stork (2003) proposed a local criterion with the concept of ‘Query Nets’, 

which does not need the notion of a public workflow. This approach is restrictive in another 

way: the messages exchanged among different private workflows need to be organized as 

pairs of input and output places. Obviously real life business process does not have such 

restrictions.   
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Wombacher et al. (2004)’s approach does not need the notion of a public workflow either. It 

was inspired by the appearance of Web services technique. Web services architecture 

provides a mechanism to enable publishing and searching for a single web service. Thus it is 

useful when an organization wants to outsource part of its workflow. However when two 

organizations want to integrate their workflows seamlessly, this mechanism of web services is 

not enough. The flow logic of the workflows involved should also be able to be published and 

searched. Wombacher et al. (2004) propose a match making mechanism based on a revised 

version of Finite State Automata (FSA) model to decide whether two workflows are 

compatible to work together. Using this method, it is easier for two organizations to establish 

business relations without relying on manual negotiation for the specification of public 

workflow. Figure 9 shows a procurement match making scenario using the FSA model. The 

scenario is adopted from Wombacher et al. (2004). 
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Figure 9: A procurement match making scenario using the FSA model. (a) Vendor Message 

Sequence (b) unmatched Customer Message Sequence (c) matched Customer Message 

Sequence (Source: Wombacher et al. 2004) 

 

The FSA model focuses on the messages and states of a workflow. The states are represented 

with circles and the arrows show the messages. The sending and receiving messages lead to 

the change of state of the workflows. Figure 9 (a) shows the message sequence supported by a 

vendor from its customers. First, an order message is received. If the product is not available, 

a message of “no stock” will be sent back. Otherwise, the vendor will deliver the product and 

then receive the payment. Two types of payment methods including credit card and invoice 

payments are supported. There are two errors in the message sequence in Figure 9 (b) if we 

want to use it as a customer message sequence to interact with the vendor’s message sequence 

showed in Figure 9 (a): the first one is that its payment message is sent before the delivery 
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message, the second is that is doesn’t support the “no stock” message, which is a “mandatory” 

message (Wombacher et al. 2004). On the other hand, the message sequence in Figure 9 (c) 

matches with the vendor message sequence although it doesn’t support the invoice payment 

message because the invoice payment message is an “optional” message. Wombacher et al. 

(2004)‘s approach can decide whether two workflows are compatible to work together in an 

automatic way. However, this match making mechanism does not consider the internal 

implementation of the public workflow and the situation when more than two participants are 

involved in an inter-organizational workflow.  

 

This research concentrates on the P2P approach proposed by van der Aalst (2003). The P2P 

approach contains three steps. Firstly, the public part of the inter-organizational workflow is 

created. Secondly, the public workflow is partitioned over the organizational entities involved. 

Finally, for each organizational entity, a private workflow that is a subclass of the relevant 

part of the public workflow is created using the concept of projection inheritance. According 

to van der Aalst (2003), the resultant inter-organizational workflow using this approach is 

guaranteed to be sound. Furthermore, as the public workflow is designed before the private 

workflow is created, it is not necessary to consider the issue of keeping the internal workflow 

secret. As long as the private workflow is a subclass of their relevant part of the public 

workflow under the concept of projection inheritance, the organizations involved in the inter-

organizational workflow can design and modify their internal private workflows in any way 

they want, and it is not necessary to be concerned with the soundness of the entire inter-

organizational workflow (van der Aalst 2003). Workflow inheritance is a concept derived 

from the concept of branching bisimulation. Basically, workflow inheritance refers to a 

subclass of a workflow under projection inheritance that can simulate any behavior of its 

super class after hiding all the new methods added in the subclass. The concept of branching 
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bisimulation and workflow inheritance and the P2P approach will be further discussed in 

chapter 3. Furthermore, in the P2P approach, branching bisimulation and projection 

inheritance can be considered as the local criteria.  

 

2.5. Research Gap 

 

From the literatures above, we can see that local criteria play a very important role in most 

workflow design approaches. Without such a method of local criteria ensuring global 

soundness, soundness verification would require all participants to reveal their workflow 

details after any modification is made to any part of the workflow. However, a local criterion 

sometimes can become too restrictive when we try to protect the soundness of the entire 

workflow from changes. At the same time it prevents possible workflow modification without 

affecting the overall soundness of the entire workflow. It is not always easy to achieve a 

balance between guaranteeing soundness and flexibility. In this research, we attempt to 

improve the flexibility of the P2P approach (van der Aalst 2003) by proposing a limited 

equivalence concept as a local criterion in the inter-organizational workflow context. We will 

also prove that this new local criterion does not affect the soundness of the entire workflow, 

which is important to be considered based on the local criteria principle.   
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Chapter 3.  Inter-Organizational 

Workflow Design Using Local Criteria 

Principle 

 

In this chapter, an improvement for the local criteria in the P2P approach (van der Aalst 2003) 

will be introduced. This research proposes a new local criteria concept that can make P2P 

method to be more flexible and at the same time guaranteeing global soundness of the inter-

organizational workflow. As the proposed improvement is derived from van der Aalst 

(2003)’s Petri net workflow model and the workflow inheritance framework, we will describe 

his framework first. In the first section of this chapter, relevant concepts of van der Aalst 

(2003)’s labeled Petri net model, WF-net and workflow inheritance concept will be presented. 

In the second section, the new local criteria concept called the limited equivalence will be 

presented and we will prove it to follow the principle of local criteria for global soundness, 

thus ensuring the entire workflow is sound. The third section summarizes this chapter.    

 

3.1. Preliminary Concept on Labeled Petri net, WF-net, 

and Workflow Inheritance  

 

In this section, we present van der Aalst (2003)’s work on labeled Petri net, WF-net model 

and workflow inheritance as the basis of our proposed improvement framework to be 

presented in the second section of this chapter. We will use the same symbols and definitions 
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as in van der Aalst (2003)’s paper. In this section we will only present those definitions given 

by van der Aalst (2003) that are relevant to the proposed improvement here. A complete list 

of definitions can be found in van der Aalst (2003)’s paper.  

 

The following are the basic mathematical notations used. Let U  be some universe of 

identifiers and L  be some set of action labels. }{\ τLLv =  is the set of all visible labels with 

τ  represents a silent action, which is action that cannot be observed. Silent action is a concept 

used in defining branching bisimilarity, which will be discussed later. *U  denotes the set of 

all sequences over U and ε  is an empty sequence (i.e., sequence of length 0). For some 

relation R  over U  (i.e., UUR ×⊂ ), *R  is the transitive closure of R  and 1−R  is the inverse 

of R . A function f  from set A  to set B  is denoted as BAf →: , and )( frng  is the range of 

f .  

 

van der Aalst (2003)’s work on workflow model and workflow inheritance can be divided 

into three parts. The first part models the static factors of workflow including tasks, orders, 

and sometimes participants which involve in an inter-organizational workflow. However, it 

does not include the state of a workflow. The second part is concerned with the soundness 

standard of a workflow. The third part focuses on the workflow inheritance concept. The 

latter two parts concentrate on the state factor of a workflow model, which shows the state 

evolution of a workflow from beginning to the end.  

 

3.1.1. Modeling The Static Factors of A Workflow 
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As explained, the research in this chapter is based on van der Aalst (2003)’s work. All 

definitions given here are based on those in his paper. Firstly, a formal definition of labeled 

P/T-net is presented. 

 

Definition 1 (Labeled P/T-net). A labeled Place/Transition net is a tuple ),,,,( λFMTP  

where: 

1. UP ⊆  is a finite set of places, 

2. UT ⊆  is a finite set of transitions such that φ=TP Ι ,  

3. vLM ⊆  is a finite set of methods such that φ=)( TPM ΥΙ � 

4. )()( PTTPF ××⊆ Υ  is a set of directed arcs, called the flow relation, and 

5. }{: τΥλ MT →  is a labeling function. 

 

In a labeled P/T-net, elements of TP Υ  are referred to as nodes. A node TPx Υ∈  is called 

an input node of another node TPy Υ∈  if and only if there exists a directed arc from x  to 

y , denoted by xFy . Node x  is called an output node of y  if and only if there exists a 

directed arc from y  to x . The set of all input nodes of some node x  is called preset of x, 

denoted by x• � and the set of all output nodes of some node x is called post set of x, 

denoted by •x .  

 

To recap what has been described in chapter 2, a transition is represented by a square and a 

place is represented by a circle in a graph model. Figure 10 shows a workflow between a 

customer and a producer. It can be seen that an ‘i’ place and an ‘o’ place represents the start 

and the end of the workflow respectively. In Figure 10, the “order” place is an output node of 

the “send order” transition, and an input node of the “receive order” transition. It is also the 
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only element in the preset of the transition of “receive order”. Similarly, it is easy to see that 

transition “receive order” is the only transition in the post set of “order”.  

 

Figure 10. An example of labelled P/T-net. 

 

The following connectedness definition is needed to define the workflow net (WF-net), which 

is a workflow model based on labeled P/T-net. Generally speaking, a connected labeled P/T-

net means there exists a path between its every two nodes. 

 

Definition 2 (Connectedness). A labeled P/T-net ),,,,( λFMTPN =  is weakly connected, or 

simply connected, if and only if, for every two nodes x  and y  in TP Υ , yFFx *1)( −Υ . Net 

N  is strongly connected if and only if, for every two nodes x  and y  in TP Υ , yxF * . 
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The concept of WF-net is used to model a workflow. Every WF-net has one unique input 

place and one unique output identifying the start and the end of a workflow separately. Figure 

10 is an example of WF-net. The following definition formally defines the WF-net.  

 

Definition 3 (WF-net). Let ),,,,( λFMTPN =  be a labeled P/T-net. Net N  is a workflow net 

(WF-net) if and only if the following conditions are satisfied: 

1. instance creation: P  contains an input (source) place Ui ∈  such that φ=• i ,  

2. instance completion: P  contains an output (sink) place Uo ∈  such that φ∈•o , 

3. connectedness: )}),'{()},,'(),',{(,},'{,(' τtittoFMtTPN ΥλΥΥ=  is strongly 

connected )'( Tt ∉ , 

4. method use: }{\)( τλrngM = ,  

5. visible start: for any Tt ∈  such that vLtit ∈•∈ )(: λ , and 

6. visible end: for any Tt ∈  such that vLtot ∈•∈ )(: λ . 

 

The following symbols are used to identify the (unique) input/output place, the set of 

start/stop transitions and a WF-net without source and sink place. These symbols will be used 

in the remainder sections of this chapter. 

 

Definition 4 (source, sink, start, stop, strip). Let ),,,,( λFMTPN =  be a WF-net.  

1. )(NSource  is the (unique) input place Pi ∈  such that φ=• i , 

2. )(NSink  is the (unique) output place Po ∈  such that φ=• o ,  

3. }|{)( tiTtNStart •∈∈=  is the set of start transitions,  

4. }|{)( •∈∈= tiTtNStop  is the set of stop transitions, and 
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5.  ))),'()'((,,,'()( λΥΙ PTTPFMTPNStrip ××=  with )}(sin),({\' NkNsourcePP =  is 

the WF-net without source and sink place. 

 

Referring to Figure 10 again, transition “send order” is the only start transition, and stop 

transitions include transitions “receive product” and “handle order decline”. 

 

To model an inter-organizational workflow, a more complicated architecture including inter-

organizational workflow net (IOWF-net) and flattened IOWF-net is needed. In an IOWF-net, 

firstly, every private workflow is modeled as a single WF-net. Then a number of channels are 

used to model the connections among the private workflows. Figures 11, 12 and 13 show an 

example of IOWF-net. Figure 11 shows the channels between a customer and a producer. The 

subflows of the customer and the producer are illustrated in figures 12 and 13 respectively.  

 

 

Figure 11. Channels between a customer and a producer. 
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Figure 12. Sub-workflow of customer. 

Figure 13. Sub-workflow of producer 
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Definition 5 (IOWF-net). An inter-organizational workflow net (IOWF-net) is a tuple 

),,...,,,( 11 GNNnC n−  where: 

1. UC ⊆  is a finite set of channels, 

2. 0N , 1N ,…, 1−nN  are n  labelled P/T-nets such that: 

a. ),,,,(:0: kkkkkk FMTPNnkk λ=<≤∀  

b. ),)()(:0:, φ=<<≤∀ lllkkk MTPMTPnlklk ΥΥΙΥΥ  and 

c. φ=<≤∀ CMTPnkk kkk ΙΥΥ )(:0: , 

3. ):0:( kMnkkM <≤∪=  is the union of methods, and 

4. )()( CMMCG ××⊆ Υ  is a set of directed arcs, called the channel flow relation. 

 

From the above definition, it is easy to see that only observable transitions have connections 

with other WF-nets. 

 

The concept of a flattened IOWF-net is needed because an IOWF-net should be able to 

transfer into a general WF-net to make it possible to apply general workflow evaluation 

criteria such as soundness in inter-organizational workflows. Basically, a flat function 

transfers an IOWF-net into a general WF-net by adding a place for each channel and 

removing redundant source and sink places. To illustrate, Figure 10 is the corresponding 

flattened IOWF-net of the IOWF-net in Figure 11. Formally, flattened IOWF-net is defined as 

follows.   

 

Definition 6 ( )(Qflat ). Let ),,...,,,( 11 GNNnCQ n−=  be an IOWF-net, ),,,,( λFMTPN =  is 

the such that: 
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1. ):0:( kPnkkCP <≤∪= Υ , 

2. }0|)({ nkNSourceP ki <≤= , 

3. )0|)({ nkNSinkP ko <≤= , 

4. ):0:( kTnkkT <≤∪= , 

5. ):0:( kMnkkM <≤∪= , 

6. ):0:( knkk λλ <≤∪= , and 

7. })),((|),{(}))(,(|),{():0:( GptPTptGtpTPtpFnkkF k ∈×∈∈×∈<≤∪= λΥλΥ . 

Let ),',,,'(' λFMTPN =  be the labeled P/T-net obtained by removing all places 

}},{)(|(}}{)(|{ ppPpppPpX
NN

o

NN

i ≠••∈≠••∈= Υ  i.e., XPP \'=  and ΥΙ )'((' TPFF ×=  

))'( PT × . ')( NQflat =  is the flattened IOWF-net.  

 

3.1.2. Soundness of A Workflow 

 

The definitions in the last section dealt with the static factors of a workflow model. To show 

the evolution of a workflow from instance creation to completion, the concept of state is 

important. In a P/T-net model, the state is represented by the distribution of tokens over the 

places. A workflow model that includes state is called the marked, labeled P/T net and it is 

defined as follows.   

 

Definition 7 (Marked, labeled P/T-net). A marked, labeled P/T-net is a pair ),( sN , where 

),,,,( λFMTP  is a labeled P/T-net and s is a bag over P  denoting the marking (also called 

state) of the net. The set of all marked, labeled P/T-nets is denoted as Ν .  
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Here, for some bag X over alphabet A and Aa ∈ , )(aX denotes the number of occurrences of 

a  in X . The set of all bags over alphabet A  is denoted as )(Aβ . For example, ],,[ 223 cba  

denotes the bag with three elements a , two elements b , and two elements c . 

 

Before soundness can be defined, the following definitions in Table 1 are needed. Most of 

these definitions described how one marked and labeled P/T-net can evolve into another by 

firing one or one sequence of transitions. Generally speaking, before firing a transition, a 

transition needs to be enabled. A transition is enabled when each of its input places contains a 

token. Firing a transition eliminates one token on each of its input places and adds one token 

on each of  its output places. 
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Table 1. Definitions needed to define Soundness. (Source: van der Aalst, 2003, p10-13) 
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Refering to Figure 10 again, when the “ i ” place contains one token, the “send order” 

transition is enabled. After firing of this transition, there is no token on place i , but one token 

on each of its output places including “order” and “a”. Soundness is formally defined as 

follow.    

 

Definition 8 (soundness). A WF-net with iNSource =)(  and oNSink =)(  is said to be 

weakly sound if and only if the following conditions are satisfied: 

1. safeness: [ ]),( iN  is safe, 

2. proper completion: for any reachable marking [ ]iNs ,∈ , so ∈  implies ][os = , 

3. completion option: for any reachable marking [ ]iNs ,∈ , sNo ,][ ∈ . 

 

N  is said to be strongly sound, or simply sound, if and only if, in addition there are no dead 

transitions, i.e., [ ]),( iN  contains no dead transitions. The set of all (strongly) sound WF-net 

is denoted byω . 

 

Definition 8 given above is the formal definition of soundness which is informally discussed 

in chapter 2. Soundness is the standard used in this research to evaluate a workflow. An 

unsound workflow is unacceptable in real life application. In this research, we only consider 

the concept of weakly soundness. The set of all sound WF-nets is denoted W . The following 

definition gives a function to obtain all observable methods from a marked and labelled P/T-

net. 
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Definition 9 (Alphabet operator α ). Let ),( sN  be a marked, labeled P/T-net in Ν , with 

),,,,( λFMTPN = . )(: vLP→Να is a function such that })(|)({),( τα ≠∧∈= tTttsN λλ  

and t  is not dead.  

 

When a sub-workflow (also known as subworkflow or subflow) is used in an inter-

organizational workflow, it is expected that it should behave as it is executed alone. However, 

it is possible that when a subflow is activated, there are still tokens on its places. Note that this 

scenario is not possible if a subflow is executed alone. In an inter-organizational workflow 

environment, scenarios such as this makes a workflow more difficult to analyse, sometimes 

even results in undesirable characteristics such as deadlock. To prevent the happening of such 

scenarios, an activation safeness concept is needed. Basically, an activated-safe subflow in a 

marked and labelled P/T-net is activated only when there is no token on any of its places. This 

concept of activation safeness is formally defined as follow.  

 

Definition 10 (Activation safeness). Let ),( sN  be a marked, labeled P/T-net in Ν , where 

),,,,( λFMTPN = . A subset of places PP ⊆'  is activation safe in ),( sN   if and only if for 

any reachable state sNs ,'∈ , any transition ••∈ ''\PPt , and any place tsNPp )',(:'∈  

implies 0)(' =ps . 

 

From the definition above, a set of places 'P  is activation safe if all transitions producing 

tokens for 'P  but not consuming tokens from 'P  are not enabled as long as there are tokens in 

P’. Using Figure 10 as an example, when 'P  is the set of places belong to the producer’s sub-

workflow in Figure 13, the transition producing tokens for 'P  but not consuming tokens from 

'P  is the transition “receive order”. As the set of places 'P  is activated only when transition 

such as “receive order”  is enabled, thus it is guaranteed that when a sub-workflow 
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)',',',','(' λFMTPN = is involved in an inter-organizational workflow represented by an 

IOWF-net Q , then for any states s  of  Q , there is a corresponding state 's on the places of 'P  

such that ][,'' iNs ∈ . That is, when a sub-workflow is used by an inter-organizational 

workflow, any possible state represented by the distribution of the tokens over its places is 

also reachable when the sub-workflow is executed alone. 

 

Using the concept of activation safeness, the soundness concept for IOWF-net can be 

formally defined. Such a sound IOWF-net does not just respond to a general sound WF-net, in 

fact, every subflow of it needs to be sound and be activated-safe too.  

  

Definition 11 (IOWF-net Soundness). Let ),,...,,,( 11 GNNnCQ n−=  be an IOWF-net and let 

),,,,( λFMTPN =  be the corresponding flattened net without dead transitions, i.e., 

)(QflatN = . Q  is sound if and only if  

1. ):0:( ω∈<≤∀ kNnkk , i.e., all subflows are sound,  

2. WN ∈ , i.e., the flattened IOWF-net is a sound WF-net, and 

3. )}(sin),({\:0: kkk NkNsourcePnkk <≤∀  is activation safe in ])[,( iN , i.e., there 

no multiple activation.  

 

3.1.3. Branching Bisimilarity and Workflow Inheritance 

 

This section discusses the concepts of branching bisimilarity and workflow inheritance (van 

der Aalst 2003), which are important concepts in workflow analysis and will be further 

discussed in the next section when the proposed new local criterion is presented.  
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Table 2 shows three definitions which are used to define branching bisimilarity. Branching 

bisimilarity refers to a relation between two marked labelled P/T-net. Generally speaking, if 

two marked and labelled P/T-nets are branching bisimilar, it means that anyone of them can 

simulate every step of the observable behaviour of the other after executing zero or more 

silent actions. Several revised versions of branching bisimilarity can be found in van 

Glabbeek & Weijland (1996). 

 

Table 2. Definition needed to define branching bisimilarity. (Source: van der Aalst, 2003, p 

15-16) 

 

According to Definition A in Table 2, for a marked and labeled Petri net Ν∈p , p↓  means it 

is in a state when only one token is on the unique output place. Definition B is used to 

demonstrate that a marked labeled P/T-net can evolve into another marked, labeled P/T-net by 

executing a sequence of zero or more silent actions. For example, when one sees 'pp ⇒ , one 

can say that a marked labeled P/T-net p can evolve into another marked labeled P/T-net 'p  

by executing a sequence of zero or more silent actions. Definition C is used to demonstrate a 

marked labeled P/T-net can evolve into another marked labeled P/T-net with only one token 
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on the output place by executing a sequence of zero or more silent actions. For example, p⇓  

means that marked labeled P/T-net p can reach the termination state after a firing sequence 

containing zero or more silent actions. 

 

Let p and 'p  be two marked, labeled P/T nets, ')( pap means '()'( papppa ∨=∧=τ . 

Therefore, for a none τ  action, ')( pap  is the same as 'pap . But for a silent action, 

')( pap  means that zero or one silent action is executed. This symbol will be used in the 

definition of branching bisimilarity to be given below.  

 

Definition 12 (Branching bisimilarity). A binary relation Ν×Ν∈R  is called a branching 

bisimulation if and only if, for any Ν∈',,', qqpp  and La ∈ , 

1. 'pappRq ∧  � 

                         )''''')('''':'',':'',' RqppRqqaqqqqqqq ∧∧∧⇒Ν∈∃ , 

2. 'qaqpRq ∧  � 

                            )''''')('''':'',':'',' RqpRqppappppppp ∧∧∧⇒Ν∈∃ , and 

3. pRq  � 

                          ( p↓  � q⇓ � q↓ � p⇓ ). 

Two marked, labeled P/T-nets are called branching bisimilar, denoted by qp b~ , if and only 

if there exists a branching bisimulation R  such that pRq . 

 

Figure 14 shows a scenario of branchinig bisimilarity and how it works in the inter-

organizational workflow. The marked WF-nets in figures 14 and 12 are said to be branching 

bisimilar. It can be seen that several silent transitions represented by τ are added in Figure 14 
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comparing with Figure 12. The marked WF-net in Figure 14 can still simulate any behaviour 

of the marked WF-net in Figure 12. For instance, after firing transition “send order”, it is 

possible that a sequence of silent transitions is fired. However, after any firing sequence of 

silent transitions, the marked WF-net in Figure 14 can still choose to fire transition “handle 

order decline” or “handle order confirmation” after firing a sequence of silent transitions, i.e., 

it can still execute any possible step that the marked WF-net in Figure 12 executes after firing 

the transition “send order”. As the customer is not able to know if the producer will confirm 

or decline the order after an order is sent, it is necessary for its workflow to be able to handle 

both responses even after firing a number of silent transitions. This is the major reason why 

branching bisimilarity is used in inter-organizational workflow. It can be seen that after 

replacing the customer workflow in Figure 12 with the workflow in Figure 14, which is 

branching bisimilar to that of Figure 12, the IOWF-net in Figure 11 is still sound. Such result 

is generalized and proven to be correct in van der Aalst (2003)’s paper.  
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Figure 14. An alterative customer sub-workflow. 

 

Note that the conditions in the above definition require that after executing any number of 

silent actions, i.e., ''qq ⇒ , as long as there is no observable transition is fired, we can still get 
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a marked, labelled P/T-nets ''q  which are branching bisimilar with the original state of the 

other marked, labelled P/T-net, i.e., ''pRq , and at the same time pRq . In the next section, we 

will show that under some specific circumstances, this requirement can become too restrictive 

in the inter-organizational workflow. Therefore, a revised version of branching bisimilarity 

with weaker requirement is proposed in the next section.  

 

The branching bisimilarity concept can be used to defined a behavioural equivalence relation 

between WF-nets. According to van der Aalst (2003), two WF-nets are behavioural 

equivalent if they can simulate each other through the evolution process from instance 

creation to completion. 

 

Definition 13 (Behavioral equivalence of WF-net). For any two WF-nets 0N  and 1N  in ω , 

10 NN ≅  if and only if ])[,(~])[,( 10 iNiN b . 

 

Before the concept of workflow inheritance can be given, we first need to define an 

abstraction operator to hide the new transitions added in the subclass workflow. Basically, 

what the abstraction operator does is to change a set of transitions into silent transitions.  

 

Definition 14 (Abstraction). Let ),,,,( 0λFMTPN =  be a labeled P/T-net. For any vLI ⊆ , 

the abstraction operator Iτ  is a function that renames all transition labels in I  to the silent 

action τ . Formally, ),,,,()( 11 λFMTPN =τ  such that, for any Tt ∈ , It ∈)(0λ  implies 

τ=)(1 tλ  and It ∉)(0λ  implies )()( 01 tt λλ = . 
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According to van der Aalst (2003), there are four notions of workflow inheritance including 

projection inheritance, protocol inheritance, life-cycle inheritance and protocol/projection 

heritance. However, only projection inheritance is used in the P2P approach. Basically, a 

workflow is the subclass of another workflow if after changing one set of its transitions into 

silent transitions, these two workflows are branching bisimilar. 

 

Definition 15 (Inheritance). For any two (weakly) sound WF-nets 0N  and 1N  in ω , 1N  is a 

subclass of 0N  under projection inheritance, denoted by 01 NN pj≤ , if and only if there is an 

vLI ⊆  such that ])[,(~])[,( 01 iNiN bIτ . 

 

In the next section, a revised version of WF-net equivalence is proposed in this research as the 

new local criteria of the P2P approach.  

 

3.2. An Improved Local Criteria for More Flexible Inter-

organizational Workflow 

 

This research proposes a new local criteria concept for the P2P approach. Example will be 

provided to show that this new local criterion allows more flexible workflow modification. 

Furthermore, two theorems will be given to prove that this local criterion will result in a 

globally sound inter-organizational workflow. To formulate this new local criterion, several 

new definitions are needed. Firstly the concept of WF-net weakly equivalence will be defined 

below. This concept uses a revised version of weakly bisimilarity on WF-nets. The concept of 

weakly bisimulation is proposed by Milner (1980).   
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Definition 16 (Weakly equivalence of WF-nets). For any two WF-nets ),,,,( 111111 λFMTPN =  

and ),,,,( 222222 λFMTPN = , 2N is called to be weak equivalent to 1N , denoted 12 NN W≅ , if 

and only if there exists two relation )',(),(),,()',( 212121 sNsNRsNsNR ×∈×∈  such that for 

any ),( 11 sNp = , )'',('' 11 sNp = , )',(' 11 sNp = , ),( 22 sNq = , )'',('' 22 sNq = and )',(' 22 sNq = , 

1. ])[,(])[,( 221 iNRiN and ])[,(])[,( 112 iNRiN , 

2. vLapappqR ∈∧∧ '1   �  ''''''':'',' 1 pRqqaqqqqq ∧∧⇒∃ , 

3. τ=∧∧ apappqR '1   �  ''':' 1 pRqqqq ∧⇒∃ , 

4. For any ][,2 iNq ∈ , p∃  such that pqR1  or ''':,',' 1
* pRqqqTqp ∧∈∃ σσ , 

5. vLaqaqqpR ∈∧∧ '2   �  ''''''':','' 2qRppappppp ∧∧⇒∃ ,  

6. τ=∧∧ aqaqqpR '2   �  ''':' 2qRpppp ∧⇒∃ . 

 

The concept of weakly equivalence is concerned with an old WF-net 1N  and a new WF-

net 2N . Two relations 1R and 2R  between the states of the old and new WF-net are involved in 

the definition. Requirement 1 states that there exists relations 1R and 2R  when 1N and 2N are 

both in the state that only one token is on the ‘i’ place. Requirements 2, 3 and 4 deal with the 

first relation 1R , which demonstrates the ability of the new WF-net to simulate the behavior of 

the old WF-net. Requirement 2 and 3 state that before executing any number of silent 

transitions, the new workflow can reach a corresponding state of the old workflow regardless 

of whether an observable or silent transition is fired in the old workflow. Requirement 4 

requires that, for an arbitrary state of the new WF-net, either there is a corresponding state of 

the old WF-net which it can simulate, or it can reach a state that can simulate any observable 

behavior of the old workflow by executing a sequence of transitions. 
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Since ])[,(])[,( 112 iNRiN and the new WF-net 2N can simulate any observable behavior of the 

old WF-net 1N , for any state of 1N , there is a corresponding state in 2N under the relation 1R . 

But for arbitrary state of 2N , it is not necessary that there exists a corresponding state in 1N . 

Requirements 5 and 6 deal with the second relation 2R , which demonstrates the ability of the 

old WF-net to simulate the behavior of the new WF-net. Requirement 5 and 6 state that after 

firing a transition (silent or observable transition) in the new workflow, there is always a state 

in the old workflow corresponding to the new state of the new workflow. 

Since ])[,(])[,( 221 iNRiN and the old WF-net 1N can simulate any observable behavior of the 

new WF-net 2N , for any state of 2N , there is a corresponding state in 1N under the relation 2R . 

But for arbitrary state of 1N , it is not necessary that there exist a corresponding state in 2N .   

 

Comparing with branching bisimulation and behavioral equivalence, weakly equivalence is a 

more flexible equivalence relation. For instance, for a state of the new WF-net q such that 

pqR1 , it can evolve into another state ''q  after executing a sequence of silent action. The 

concept of weak equivalence allows the new state ''q  does not simulate all the possible 

behaviors of the corresponding marked, labeled P/T-net p , which is not permitted in 

branching bisimulation.  

 

Figures 15 and 16 show two alternative workflows for the customer and producer scenario 

presented in figures 10 to 13. The workflow in Figure 12 and Figure 15 are weakly 

equivalent, and the workflow in Figure 13 and Figure 16 are also weakly equivalent. Both 

these two pairs of WF-nets are not branching bisimilar because after the exection of the 

‘decline report’ transition, workflows in figures 15 and 16 can no longer simulate all possible 

behaviors of those in figures 12 and 13.  
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Figure 15. An alternative customer workflow 
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Figure 16. An alternative producer workflow 

 

From Figure 16 and Figure 13, it can be seen that after the execution of the “decline report” 

transition in Figure 16, the workflow can no longer simulate all possible behaviors after 

executing the “receive order” transition in Figure 13. However, comparing the same two 

states in these two figures, we can find that the workflow in Figure 13 can still simulate all 

possible behaviors after firing the “decline report” transition. This is the reason why two 

different relations are needed in Definition 16.  

 

Next we will discuss the feasibility to use the WF-net weakly equivalence concept as a local 

criterion in the inter-organizational workflow by using examples in figures 15 and 16 to 

illustrate. Recalled that in the previous sections, the P2P approach states that if for each 

organizational entity, a private workflow is designed such that it is branching bisimilar to the 
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relevant part of the public workflow after changing the new transitions to be silent, the 

resultant inter-organizational workflow is guaranteed to be sound. Part of the reasons why 

behavioral equivalent and branching bisimilarity are used in the P2P approach is to prevent 

the situation shown in Figure 15. Let us compare it with Figure 12, it can be seen that in 

Figure 15, a new “decline report” transition is added in the workflow of the customer, which 

makes the customer workflow in Figure 15 not branching bisimilar to the customer workflow 

in Figure 12 after changing the new transitions to be silent. Such modification also makes the 

whole workflow combined with the sub-workflows in figures 15 and 13 unsound. In Figure 

15, the “decline report” transition can be fired before the distributor sends a response message 

back. In such a state, the workflow of the customer is not able to handle all possible responses 

the producer sends back. If an “order confirmation” message is received after the transition 

“decline report” is fired, the entire workflow is in deadlock. Therefore, WF-net weakly 

equivalence concept is not able to function as a local criterion in the P2P approach.  

 

However, a seemingly similar modification in the producer workflow does not affect the 

soundness of the entire workflow, as demonstrated in Figure 16. It can be seen that similar to 

the workflow of Figure 15, a new “decline report” transition is added to the producer 

workflow in Figure 16 comparing with the workflow in Figure 13. It makes the workflow in 

Figure 16 not branching bisimilar to the workflow in Figure 13. However, such a modification 

does not make the overall workflow combined with the sub-workflows in Figure 12 and 

Figure 16 unsound. This is different to the situation shown in figures 15 and 13. It seems that 

the local criterion of branching bisimilarity and behavioral equivalence is too restrictive under 

this circumstance. If one takes a closer look at both figures 15 and 16, a subtle difference can 

be found. In Figure 15, the “decline report” is added before a transition receives message, 

whereas in Figure 16, the “decline report” is added before a transition sends message. This 
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difference indicates that the direction of the message exchanged among the sub-workflows is 

an important factor that needs to be considered when we attempt to propose a more flexible 

local criterion. The following definitions 17, 18 and 19 formulate the new local criterion on 

the base of the concept of WF-net weakly equivalence. Definition 17 provides a function to 

obtain the set of all transitions in a sequence of transitions. Definition 18 gives a function to 

obtain the set of transitions that receives message from other sub-workflows. These two 

definitions will be used in Definition 19 when the new local criterion is formally defined. As 

the direction of the message needs to be taken into account, the definitions 18 and 19 are 

formulated in an inter-organizational workflow context using the IOWF-net concept described 

in the last section.  

 

Definition 17 ( )(σcon ). For any *T∈σ such that ntt ,...,1=σ , },...,{)( 1 nttcon =σ .  

 

For example, for 321 ,, ttt=σ , },,{)( 321 tttcon =σ . 

 

Definition 18 (incoming transitions). Let ),,...,,...,,,( 11 GNNNnCQ ni −=  be an IOWF-net 

such that 11,..., −nNN  are 1−n  labeled P/T nets.  ),,,,(:0: kkkkkk FMTPNnkk λ=<≤∀ . For 

),,,,(:0: iiiiii FMTPNnki λ=<≤ , }))(,(:|{)( GtcCcTttNinc iii ∈∈∃∧∈= λ , is called the 

set of incoming transitions of iN , denoted )( iNinc . 

 

To illustrate the concept of incoming transitions, consider the IOWF-net combined with the 

sub-workflows in figures 12 and 16. The set of incoming transitions of the producer workflow 

includes the transitions ‘receive order’ and ‘receive payment. The following definition 

formally defines the concept of limited equivalence proposed in this research.   
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Definition 19 (limited equivalence of WF-nets in IOWF net). Let 

),,...,,...,,,( 11 GNNNnCQ ni −=  and ),,...,',...,,,(' 11 GNNNnCQ ni −=  be two IOWF-net such 

that 11 ,...,,..., −ni NNN  and 'iN  are 1+n  WF-nets. 

)',',',','('),,,,,(:0: iiiiiikkkkkk FMTPNFMTPNnkk λλ ==<≤∀ . 'iN is called to be weak 

equivalent to iN  in Q , denoted iQi NN ≅' , if and only if there exists two 

relation )','(),('),,()','(' 21 sNsNRsNsNR iiii ×∈×∈  such that for any 

),( 11 sNp = , )'',('' 11 sNp = , )',(' 11 sNp = , ),( 22 sNq = , )'',('' 22 sNq = , )',(' 22 sNq = and La ∈ ,   

1. ])[,'('])[,( 2 iNRiN ii and ])[,('])[,'( 1 iNRiN ii , 

2. vLapappqR ∈∧∧ ''1   �  '''''''':'',' 1 pRqqaqqqqq ∧∧⇒∃ ,  

3. τ=∧∧ apappqR ''1   �  '''': 1 pRqqqq ∧⇒∃ ,  

4. For any ][,' iNq i∈ , p∃  such that pqR1 or *,',' Tqp ∈∃ σ such that 

'''')'(),( 1 pRqqqNinctcont i ∧∧∉∈∀ σσ , 

5. vLaqaqqpR ∈∧∧ ''2   �  '''''''':','' 2 qRppappppp ∧∧⇒∃ , 

6. τ=∧∧ aqaqqpR ''2   �  '''':' 2 qRpppp ∧⇒∃ . 

 

Comparing with Definition 16, it can be seen that the concept of limited equivalence is 

defined in an IOWF-net context. Moreover, for relation 1R , only the incoming transitions are 

allowed to be used by the new WF-net to reach a state that can simulate all possible behaviors 

of the old WF-net. It is obvious that limited equivalence is a criterion that can be verified 

locally without the need to know other sub-workflows in the inter-organizational workflow.  
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Consider the IOWF-net combined with the sub-workflows in figures 12 and 13, the producer 

workflow shown in Figure 16 is limited equivalent with the workflow shown in Figure 13. 

However, the customer workflow shown in Figure 15 is not limited equivalent with the 

workflow shown in Figure 12. This is because after the execution of the transition ‘decline 

report’, the workflow in Figure 15 is in a state where there is no corresponding state in the old 

customer workflow shown in Figure 12 under the relation 2R . Moreover, it needs to fire the 

transition ‘handle order decline’, which is an incoming transition, to reach a state that there is 

a corresponding state in the old customer workflow under the relation 2R . Obviously, it 

violates requirement 4 of Definition 19.  

 

To apply the new local criterion in the inter-organizational workflow design, we need to prove 

that after changing one or more sub-workflows of the overall workflow into one that is of 

limited equivalent, the overall workflow will remain sound. The following two theorems have 

been proposed in this research to show that this new local criterion does not affect the 

soundness of the overall workflow. Theorem 1 states that under certain conditions, one sub-

workflow can be replaced by a workflow which is limited equivalent with the original one 

without affecting the soundness of the overall workflow. Theorem 2 shows that after changing 

all sub-workflows into the limited equivalent ones, the entire inter-organizational remain 

sound. The proof of Theorem 2 is based on the result of Theorem 1.  

  

Theorem 1. Let ),,,2,(1 GNNCQ ba=  and ),,,2,(2 GNNCQ ca=  be two IOWF-net such that 

1. ),,,,( aaaaaa FMTPN λ= , ),,,,( bbbbbb FMTPN λ= , ),,,,( cccccc FMTPN λ=  are three 

labeled P/T nets,  

2. bN  and cN  are two sound WF-nets, 

3. ),,,,()( 1111111 λFMTPQflatN == , ),,,,()( 2222222 λFMTPQflatN == , 
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4. 1N  is a sound WF-net, 

5. In 1N , for any τ≠∈ )(:)()( 111 tNStopNStartt λΥ ,i.e., the start and stop transitions in 

1N are observable, 

6. In 2N , for any τ≠∈ )(:)()( 222 tNStopNStartt λΥ ,i.e., the start and stop transitions in 

2N are observable,  

7. In 1N , for any 121, Ttt ∈ such that ττ ≠∧≠ )()( 2111 tt λλ , )()( 2111 tt λλ ≠ , i.e., for every two 

observable transition in 1N , they correspond to different methods, 

8. In 2N , for any 221, Ttt ∈ such that ττ ≠∧≠ )()( 2212 tt λλ , )()( 2212 tt λλ ≠ , i.e., for every two 

observable transition in 2N , they correspond to different methods, 

9. τ≠∈∀ )(),( tNStartt bb λ , τ≠∈∀ )(),( tNStartt cc λ , and =∈ )}(|)({ bb NStartttλ  

)}(|)({ cc NStarttt ∈λ , i.e., all start transitions in bN  and cN are observable, and the set 

of start transitions in bN  and cN coincide,  

10. τ≠∈∀ )(),( tNStopt bb λ , τ≠∈∀ )(),( tNStopt cc λ , and =∈ )}(|)({ bb NStopttλ  

)}(|)({ cc NStoptt ∈λ , i.e., all stop transitions in bN  and cN are observable, and the set of 

stop transitions in bN  and cN coincide, 

11. BP  is activation safe in ])[,( 1 iN , 

12. for )(\)()(\)( 12 NNNNI BC αααα == , BQCI NN 1)( ≅τ , 

Then  

1. for )(\)()(\)( 12 NNNNI BC αααα == , 12 )( NN WI ≅τ and CP  is activation safe in 

])[,( 2 iN .  

2. 2N  is a sound WF-net.  

 

Proof.   
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1. To prove for )(\)()(\)( 12 NNNNI BC αααα == , )( 21 NN IW τ≅ , we need to prove there 

exists two relations )',(),(),,()',( 212121 sNsNRsNsNR ×∈×∈  consistent with the 

requirements in definition 16. Since for )(\)()(\)( 12 NNNNI BC αααα == ,  

BQCI NN 1)( ≅τ , there exists two relations )','(),('),,()',(' 21 sNsNRsNsNR CBBC ×∈×∈  

satisfying the requirements in Definition 19. 

 

We prove the existence of 2R firstly. 2R is defined as follows: 

∈∧∈∧+=∧+=∧∈= BBACABAI sPPsssssssiNssNsNR )\('][,|))',(),,{(( 11212 βτ      

'),()00((][,][,)()( 2RsNssiNsiNsPsP BBCBCCBBCCB ∨=∧=∧∈∧∈∧∈∧ ββ    

))},( CCI sNτ . It is easy to see that ])[,(])[,( 221 iNRiN Iτ . It remains to be shown that  

 

 vI LtsNtsNsNRsN ∈∧∧ )()',()(),(),(),( 222222211 λλτ  �  ),(:)',(),'',( 111111 sNsNsN∃   

))',()',()',()()'',()'',( 22211111111 sNRsNsNtsNsN Iτ∧∧⇒ λ  

 ττ =∧∧ )()',()(),(),(),( 222222211 tsNtsNsNRsN I λλ  � 

)',(),(:)',( 111111 sNsNsN ⇒∃   )',()',( 22211 sNRsN∧ .  

 

Let BA sss +=1 , CA sss +=2 , '''1 BA sss += , '''2 CA sss += , ''''''1 BA sss +=  and 

''''''2 CA sss += . The following four situations are considered. 

 

Assume ATt ∈ , since the transitions in AT  are only affected by places in CB PPPP \\ 21 = ,  

and 1s and 2s  share the same state As on CB PPPP \\ 21 = , t  is also enabled in ),( 11 sN . 

Because firing a transition in AT  only affects places in CB PPPP \\ 21 = , firing t  from 
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),( 11 sN  lead to a same state '1s on BPP \1 like '2s  on CPP \2 . Therefore, 

for vI LtsNtsNsNRsN ∈∧∧ )()',()(),(),(),( 222222211 λλτ , there exists ),()'',( 1111 sNsN =  

and )',( 11 sN such that 21111111111 )',()',()()'',()'',(),( RsNsNtsNsNsN ∧∧⇒ λ    

)',( 22 sNIτ . For ττ =∧∧ )()',()(),(),(),( 222222211 tsNtsNsNRsN I λλ , there exists 

)',()(),(:)',( 111111 sNtsNsN λ such that )',()',()',(),( 222111111 sNRsNsNsN Iτ∧⇒ . 

 

Assume )( CNStartt ∈ . From requirement 9 of the theorem, vLt ∈ . Since transitions in 

)( BNStart and )( CNStart is only affected by places in CB PPPP \\ 21 = , and 1s and 2s  share 

the same state on CB PPPP \\ 21 = , t  is also enabled in ),( 11 sN . Because BP  is active safe in 

])[,( 1 iN , when t  in )( BNStart is enabled, 0=Bs . According to the definition of 2R ,  

when 0=Bs , 0=Cs . Moreover, the effect of firing t from ),( 11 sN and ),( 22 sN result 

in )',( 11 sN and )',( 22 sN such that '''''' 21 CABA ssssss +=∧+= and )',(')',( 2 CCIBB sNRsN τ . 

Therefore, for vI LtsNtsNsNRsN ∈∧∧ )()',()(),(),(),( 222222211 λλτ , there exists 

),()'',( 1111 sNsN =  and )',( 11 sN such that ∧∧⇒ )',()()'',()'',(),( 11111111 sNtsNsNsN λ   

)',()',( 22211 sNRsN Iτ . 

 

Assume )( CNStopt ∈ . From requirement 10 of the theorem, vLt ∈ . And obviously 

0≠Cs , therefore, ),('),( 2 CCIBB sNRsN τ and t can be fired after execution of zero or more 

silent transitions from ),( 11 sN . Moreover, the effect of firing t  in ),( 11 sN and ),( 22 sN  is 

identical on places of CB PPPP \\ 21 = . Since BN and CN are both sound WF-net, for the 

places of BP and CP , after firing t , )0'0'( =∧= CB ss . Therefore, for ∧),(),( 22211 sNRsN Iτ   
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vLtsNtsN ∈∧ )()',()(),( 2222 λλ , there exists )'',( 11 sN  and )',( 11 sN such that  

)',()',()',()()'',()'',(),( 2221111111111 sNRsNsNtsNsNsN Iτ∧∧⇒ λ . 

 

Assume ))()((\ CCC NStopNStartTt Υ∈ . Since 0≠Cs , therefore ),('),( 2 CCIBB sNRsN τ .  

If τ=)(tλ , for ττ =∧∧ )()',()(),(),(),( 222222211 tsNtsNsNRsN I λλ , there exists )',( 11 sN    

),( 11 sN=  such that )',()',()',(),( 222111111 sNRsNsNsN ∧⇒ . If vLt ∈)(λ , since )',( BB sN   

)',('2 CCI sNR τ , t can be fired after execution of zero or more silent transitions from 

),( 11 sN . Moreover, the effect of firing t  in ),( 11 sN and ),( 11 sN  is identical on places 

of CB PPPP \\ 21 = . Therefore, for vI LtsNtsNsNRsN ∈∧∧ )()',()(),(),(),( 222222211 λλτ , 

there exist )'',( 11 sN and )',( 11 sN  such that ∧∧⇒ )',()()'',()'',(),( 11111111 sNtsNsNsN λ  

)',()',( 22211 sNRsN Iτ . 

 

From the above discussion of the four situations, it can be shown that 2R  satisfies the 

requirements 5 and 6 in Definition 16.   

 

Before the existence of 1R is proved, we first prove that CP  is active safe in ])[,( 2 iN . For 

any 2s such that )(),(][,),( 22222 CNStartttsNiNsN ∈∧∧∈ , since 21 ])[,( RiN  

])[,( 2 iNIτ , there exists 1s  such that ),(),( 22211 sNRsN Iτ . Let BA sss +=1 , CA sss +=2 . 

Since transitions in )( CNStart is only affected by places in CB PPPP \\ 21 = , and 1s and 2s  

share the same state on CB PPPP \\ 21 = , t  is also enabled in ),( 11 sN . Because BP  is active 

safe in ])[,( 1 iN , 0=Bs . According to the definition of 2R ,  when 0=Bs , 0=Cs . 

Therefore, CP  is active safe in ])[,( 2 iN . 
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To prove )(\)()(\)( 12 NNNNI BC αααα == , 12 )( NN WI ≅τ , the existence of 1R also 

need to be proven. As CP  is active safe in ])[,( 2 iN , 1R  can be defined as follows: 

∈∧∈∧+=∧+=∧∈= BBABACAI sPPsssssssiNssNsNR )\('][,|))',(),,({( 12121 βτ  

'),()00((][,][,)()( 1RsNssiNsiNsPsP CCICBCCBBCCB τββ ∨=∧=∧∈∧∈∧∈∧      

)),( BB sN . It is obvious that ])[,(])[,( 112 iNRiNIτ . It remains to be shown that  

 

 vLtsNtsNsNRsN ∈∧∧ )()',()(),(),(),( 111111122 λλ  �  ),(:)'',(),',( 222222 sNsNsN∃  

))',()',()',()()'',()'',( 11122222222 sNRsNsNtsNsN ∧∧⇒ λ . 

 τ=∧∧ )()',()(),(),(),( 111111122 tsNtsNsNRsN λλ � )',(),(:)',( 222222 sNsNsN ⇒∃  

)',()',( 11122 sNRsN∧ .  

 For any ][,),( 222 iNsN ∈ , ),(),(:),( 1112211 sNRsNsN∃ or )',(),',(, 1122
* sNsNT∈∃ σ  

such that )',()',()',(),( 111222222 sNRsNsNsN ∧σ . 

 

Let BA sss +=1 , CA sss +=2 , '''1 BA sss += , '''2 CA sss += , ''''''1 BA sss += and ''''''2 CA sss += . 

The proof of the first two requirements is similar to the proof of existence of 2R . The 

following four situations are considered. 

 

Assume ATt ∈ . Since the transitions in AT  are only affected by places in CB PPPP \\ 21 = ,  

and 1s and 2s  share the same state on CB PPPP \\ 21 = , t  is also enabled in ),( 22 sN . 

Because firing a transition in AT  only affects places in CB PPPP \\ 21 = , firing t  from 

),( 22 sN  lead to a same state '2s on CPP \2  like '1s  on CPP \2 . Therefore, for 
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vI LtsNtsNsNRsN ∈∧∧ )()',()(),(),(),( 111111122 λλτ , there exists ),()'',( 2222 sNsN =  

and )',( 22 sN such that 22222222222 )',()',()()'',()'',(),( RsNsNtsNsNsN Iτ∧∧⇒ λ    

)',( 11 sN . For ττ =∧∧ )()',()(),(),(),( 111111122 tsNtsNsNRsNI λλ , there exists :)',( 22 sN  

)',()(),( 2222 sNtsN λ such that )',()',()',(),( 111222222 sNRsNsNsN Iτ∧⇒ .  

 

Assume )( BNStartt ∈ . From requirement 9 of the theorem, vLt ∈ . Since transitions in 

)( BNStart is only affected by places in CB PPPP \\ 21 = , and 1s and 2s  share the same state 

on CB PPPP \\ 21 = , t  is also enabled in ),( 22 sN . Because BP  is active safe in ])[,( 1 iN , 

01 =s . According to the definition of 1R ,  when 0=Bs , 0=Cs . Moreover, the effect of 

firing t from ),( 11 sN and ),( 22 sN result in )',( 11 sN and )',( 22 sN such 

that '''''' 21 CABA ssssss +=∧+= and )',(')',( 1 BBCCI sNRsNτ , which satisfies the definition of 

2R . Therefore, for vI LtsNtsNsNRsN ∈∧∧ )()',()(),(),(),( 111111122 λλτ , there exists 

),()'',( 2222 sNsN =  and )',( 22 sN such that )',()()'',()'',(),( 22222222 sNtsNsNsN λ∧⇒  

)',()',( 11122 sNRsNIτ∧ . 

 

Assume )( BNStopt ∈ . From requirement 10 of the theorem, vLt ∈ . And obviously 

0≠Bs , therefore, ),('),( 1 BBCCI sNRsNτ , and t can be fired after executing a sequence of 

silent transitions from ),( 22 sN . Moreover, the effect of firing t  in ),( 11 sN and ),( 22 sN  is 

identical on places of CB PPPP \\ 21 = . Since BN and CN are both sound WF-net, for the 

places of BP and CP , after firing t , )0'0'( =∧= CB ss . Therefore, for 

vI LtsNtsNsNRsN ∈∧∧ )()',()(),(),(),( 111111122 λλτ , there exists )'',( 22 sN  and 

)',( 22 sN such that )',()()'',()'',(),( 22222222 sNtsNsNsN λ∧⇒  )',()',( 11122 sNRsNIτ∧ .  
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Assume ))()((\ BBB NStopNStartTt Υ∈ . Since 0≠Bs , )',(')',( 1 BBCCI sNRsNτ . If τ=)(tλ , 

for ττ =∧∧ )()',()(),(),(),( 111111122 tsNtsNsNRsNI λλ , there exists ),()',( 2222 sNsN =     

such that )',()',()',(),( 111222222 sNRsNsNsN Iτ∧⇒ . If vLt ∈)(λ , since ')',( 1RsN CCIτ   

)',( BB sN , t can be fired after execution of zero or more silent transitions from ),( 22 sN . 

Moreover, the effect of firing t  in ),( 11 sN and ),( 22 sN  is identical on places 

of CB PPPP \\ 21 = . Therefore, for vI LtsNtsNsNRsN ∈∧∧ )()',()(),(),(),( 111111122 λλτ , 

there exists )'',( 22 sN  and )',( 22 sN such that )()'',()'',(),( 222222 tsNsNsN λ∧⇒   

)',()',()',( 1112222 sNRsNsN Iτ∧ . 

 

Now we consider the third requirement for 1R . For any ][,),( 222 iNsN ∈ , Let 

CA sss +=2 . If 0=Cs or there exists ][,),( iNsN BBB ∈ such that ),('),( 1 BBCCI sNRsNτ , 

according to the 1R defined above, there exists ),( 11 sN such that ),(),( 11122 sNRsNIτ . If 

0≠Cs and there is no ][,),( iNsN BBB ∈ such that ),('),( 1 BBCCI sNRsNτ , since for 

)(\)()(\)( 12 NNNNI BC αααα == , BQCI NN ≅)(τ , for ),( CC sN , there 

exists ',',*
BC ssT∈σ such that )',()',(),()(),( CCCCCCC sNsNsNNinctcont ∧∧∉∈∀ σσ  

)',(1 BB sNR . Because )'(),( iNinctcont ∉∈∀ σ , the same sequence of transitions can be 

executed from ),( 22 sN  such that )',(),( 2222 sNsN σ  , '''2 CA sss +=  and 

)',()',( 1 BBCC sNRsN . Since ][,)',( 222 iNsN ∈ , according to the 1R defined above, 

)',()',( 11122 sNRsN . Therefore, the third requirement for 1R is verified. Till now, all the 

three requirements for 1R is verified. From the above discussion of the four situations, it can 

be shown that the 1R defined satisfies the requirements 2, 3 and 4 in definition 16.   
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Since the two relation )',(),(),,()',( 212121 sNsNRsNsNR ×∈×∈ defined satisfy all the 

requirements in Definition 16, for )(\)()(\)( 12 NNNNI BC αααα == , )( 21 NN IW τ≅ . 

  

2. To prove 2N  is a sound, the three requirements of soundness need to be verified.  

 

Safeness: ])[),(( 2 iQflat   is safe. For any marked, labeled P/T net ][,),( 222 iNsN ∈ , 

according to the result one, there exists a ),( 11 sN such that ),(),( 22211 sNRsN . According 

to the 2R  defined, ∈∧∈∧+=∧+=∧∈ BBACABA sPPsssssssiNsN )\('][,),( 1111 β      

'),()00((][,][,)()( 2RsNssiNsiNsPsP BBCBCCBBCCB ∨=∧=∧∈∧∈∧∈∧ ββ    

)),( CCI sNτ . For the places CPPp \2∈ , as 1N is a sound WF-net, 1)()( 1 ≤= pspsA . For 

the places CPp ∈ , since CP  is active safe in ])[,( 2 iN and CN is a sound WF-net, 

1)( ≤psC . 

 

Proper completion: for any reachable marking ][),( 2 iQflats ∈ , so ∈  implies ][os = . 

For ][,),( 222 iNsN ∈ : 2so ∈ , according to the result one, there exists a ),( 11 sN such 

that ),(),( 22211 sNRsN . According to the 2R  defined, ∧+=∧∈ BA sssiNsN ][,),( 111        

][,][,)()()\(' 1 iNsiNsPsPsPPssss CCBBCCBBBACA ∈∧∈∧∈∧∈∧∈∧+= βββ  

)),('),()00(( 2 CCIBBCB sNRsNss τ∨=∧=∧ . For the places CPPp \2∈ , Since 1N  is a 

sound WF-net, the other place except o are empty.  For the places CPp ∈ , according to 

the 2R defined, if 0=BS , then 0=CS .  
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completion option: for any reachable marking ][, iNs ∈ , sNo ,][ ∈ . According to result 

one, for any ][,),( 222 iNsN ∈ , ),(),(:),( 1112211 sNRsNsN∃ or )',(),',(, 1122
* sNsNT∈∃ σ  

such  that  )',()',()',(),( 111222222 sNRsNsNsN ∧σ . Because 1N is sound, from )',( 11 sN  

or )',( 11 sN , there is a *' T∈σ such that ])[,('),( 111 oNsN σ or ])[,(')',( 111 oNsN σ . From  

)',( 22 sN an equivalent path can be executed to fire a stop transition and reach ])[,( 2 oN . 

� 

  

Based on the results in Theorem 1, we will now prove that for an IOWF-net containing a 

number of WF-nets, the entire workflow remains to be sound after replacing each sub-

workflow with a limited equivalent workflow.  

 

Theorem 2. Let ),,...,,,( 11 GNNnCQ n−=  and ),',...,',,(' 11 GNNnCQ n−=  be two IOWF-net 

such that 

1. Q  is a sound IOWF-net, 

2. nkk <≤∀ 0: , ),,,,( kkkkkk FMTPN λ= and )',',',','(' kkkkkk FMTPN λ=  are sound WF-

nets�  

3. ),,,,()( 111111 λFMTPQflatN == , ),,,,()'( 222222 λFMTPQflatN == , 

4. 1N  is a sound WF-net, 

5. In 1N , for any τ≠∈ )(: 11 tTt λ ,i.e., all transitions in 1N are observable,  

6. In 2N , for any τ≠∈ )(:)()( 222 tNStopNStartt λΥ ,i.e., the start and stop transitions in 

2N are observable,  

7. In 1N , for any )()(:, 2111121 ttTtt λλ ≠∈ , i.e., for every two transition in 1N , they 

correspond to different methods, 
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8. In 2N , for any )()(,)()(:, 2212221221 tttttt λλλλ ≠≠∧≠ ττ , i.e., for every two observable 

transition in 2N , they correspond to different methods,  

9. nkk <≤∀ 0: , ττ ≠∈∀≠∈∀ )('),'(,)(),( tNStartttNStartt kkkk λλ , and ∈ttk |)({λ    

)}'(|)('{)}( kkk NStartttNStart ∈= λ , i.e., all start transitions in kN  and 'kN are 

observable, and the set of start transitions in kN  and 'kN coincide,  

10. nkk <≤∀ 0: , ττ ≠∈∀≠∈∀ )('),'(,)(),( tNStopttNStopt kkkk λλ , and ∈ttk |)({λ   

)}'(|)('{)}( kkk NStopttNStop ∈= λ , i.e., all stop transitions in kN  and 'kN are 

observable, and the set of stop transitions in kN  and 'kN are observable, 

11. nkk <≤∀ 0: , kP  is activation safe in ])[,( 1 iN , 

12. nkk <≤∀ 0: , for )(\)'( kk NNI αα= , )'(1 kIQk NN τ≅ , 

Then  

1. nkk <≤∀ 0: , 'kP  is activation safe in ])[,( 2 iN . 

2. 2N is a sound WF-net.  

  

Proof.  

nkk <≤∀ 0: , let ),,...,,',..',,( 111 GNNNNnCQ nKk
k

−+= , i.e., kQ is the IOWF-net with the 

first k sub-workflows replaced by their limited equivalent workflows. Induction is used to 

prove that nkk <≤∀ 0: , 111 ,...,,',..' −+ nKk PPPP are all activation safe in ])[),(( iQflat k  

and )( kQflat is sound.  

 

Base case. Assume that 0=k . Obviously 1
0 QQ = , and therefore, nkk <≤∀ 0: , kP  is 

activation safe in ])[),(( 0 iQflat and )( 0Qflat is sound. 
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Inductive step. Assume that 1≥k . The induction hypothesis states that 111 ,...,,',..' −− nKk PPPP are 

all activation safe in ])[),(( 1 iQflat k− and )( 1−kQflat is sound. We need to prove that 

)( kQflat is sound. Let )',,...,,',..',1,( 1111 GNNNNnCQ nKkA −+−−= such 

that ),(),(\' kk MCMCGG Υ= . To fit the requirement of Theorem 1, let 1
1

−= kQQ , kQQ =2 , 

)( AA QflatN = , 1−= kB NN and kC NN = . It is easy to see that they satisfy all the requirements 

stated in Theorem 1. Therefore, from Theorem 1, )( kQflat is sound. Moreover, since 

for )(\)()(\)( 12 NNNNI BC αααα == , 12 )( NN WI ≅τ , considering all the start and stop 

transitions in the sub-workflow are observable and the firing sequence in )( kQflat after 

abstraction is the same as )( 1−kQflat , 111 ,...,,',..' −+ nKk PPPP are all activation safe in 

])[),(( iQflat k . 

 

Since )()'( nQflatQflat = , nkk <≤∀ 0: , 'kP  is activation safe in ])[,( 2 iN and 2N  is a sound 

WF-net.                                                                                                                            � 

 

3.3. Summary  

 

In this chapter, a new local criteria concept called limited equivalence has been proposed for 

the P2P approach. Theorem 1 and 2 show that this new local criteria concept does not affect 

the overall soundness of the entire inter-organizational workflow. The inter-organizational 

workflow which is made up of the sub-workflows in figures 12 and 16 shows that, comparing 

with the original local criterion of branching bisimulation, the new local criterion of limited 

equivalence allows more flexible workflow modification within an organization. As this new 
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local criterion takes the direction of messages exchanged among different sub-workflows into 

account, using this local criterion, a participant of an inter-organizational workflow will need 

to know the direction of arcs connecting the sub-workflow before making changes. This 

information was not required in the original P2P approach proposed by van der Aalst (2003). 

As the information is not concerned with the workflow details within one organization, we 

still consider the new local criterion is an improved one.  

 

 

 

 

 

 

 

Chapter 4.  Conclusion and Future 

Research 

 

This chapter concludes the thesis. In Section 1, the research results will be discussed. Section 

2 presents research contribution and future research will be outlined in Section 3. 

 

4.1. Research Results 
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This section is organized as follows: In section 4.1, the major research results is summarized. 

Section 2.2 focuses on the limitation of the research outcome.  

 

4.1.1 Summary 

 

This research has investigated the concept of local criteria as an important concept to help 

achieve the overall soundness and privacy of sub-workflow in an inter-organizational 

workflow model. The local criteria principle makes it possible to achieve the overall 

soundness of the entire inter-organizational workflow without exposing workflow details 

within the organization. However, as explained in Chapter 3, it is possible that a local 

criterion can become too restrictive under certain circumstances when we attempt to ensure 

global soundness is achieved. This research has proposed a new local criteria concept called 

limited equivalence for the P2P approach, and has shown that this new concept allows more 

flexible workflow modification. Proofs have also been presented to show this new concept 

does not affect the overall soundness of the entire inter-organizational workflow.  

 

4.1.2    Limitation of Research Outcome 

 

Most of the existing local criterion, including the new one proposed in this research, only 

supports the situation when the number of the participants involved in an inter-organizational 

workflow is fixed. However, in a real-life business environment, workflow participants 

change from time to time. For example, consider an inter-organizational workflow with two 

participants, a producer and a customer. When a third participant, for example a part producer 

needs to be brought into the inter-organizational workflow, not only the private workflow, but 
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also the public workflow may need to change. The local criterion proposed by this research 

may not be able to support such scenario. Thus, a more robust local criterion needs to be 

investigated.        

 

4.2. Research Contribution  

 

This is an improved concept over the WF-net equivalence by taking the direction of message 

exchanged among sub-workflows into account. By doing this, the new local criterion is able 

to support more flexible workflow change within an organization. As demonstrated in Figure 

16 and explained in chapter three, some previously forbidden changes of private workflow 

now become possible. In an application situation, a computer program should be developed 

according to a local criterion to check if a private workflow change is permitted.    

 

4.3. Future Research 

 

For future research, we will develop a computer program to allow the limited equivalence 

relation between WF-nets to be verified automatically. Such a program is useful when a 

participant of an inter-organizational workflow wants to ensure the modified sub-workflow 

does not make the entire workflow unsound.  

 

Furthermore, a comprehensive approach for flexible inter-organizational workflow design is 

still missing. Many possible scenarios in real life business processes such as business process 

outsourcing are still difficult to implement using the process oriented techniques. Particularly, 
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situations including flexible change of workflow participants are not fully supported by 

existing mechanisms. On the other hand, Web services composition technique provides an 

alterative way for workflow implementation on the Internet. As suggested by Wombacher et 

al. (2004), the existing service publishing and finding mechanism can be improved to make 

implementation of inter-organizational workflow easier. However, before this can be realised, 

the soundness problem still needs to be considered. In the future research, issues on process 

publishing and finding mechanism will be further investigated.     
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