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Abstract 

The Business Process Management (BPM) lifecycle consists of four phases: design 

and analysis, configuration, enactment, and evaluation - also known as performance 

analysis and improvement. Performance analysis and improvement of business 

processes, one of the core phases in the BPM life cycle, is becoming on top of the 

agenda for many enterprises. An emerging approach to that is to use the business 

intelligence approaches that attempt to facilitate the analytical capabilities of 

business process management systems by implementing process-oriented data 

warehouse and mining techniques. However, little work has been has done on 

developing core methods and tools for performance analysis and improvement of 

business processes. In particular, adequate methods, clearly defined steps or 

instructions that can guide process managers for analyzing and improving processes 

using process warehouse (PW) are not available. In the absence of such methods, 

guidelines or clearly defined steps, important steps may be ignored and credible 

improvements steps cannot be taken.  

This research addresses the described limitations by developing a method for 

performance analysis and improvement of business processes. The key feature of 

the developed method is, it employs business-orientation in the design and 

utilization of a PW. The method is composed of three steps, building goal-structure, 

integrating goal-structure with PW, and analyzing and improving business processes. 

During the first step, a set of top-level performance goals are identified for the 

process of interest. Subsequently, the identified goals are decomposed to generate a 

goal-structure that is aligned with the functional decomposition of the process of 

interest. The second step describes a technique for integrating the generated goal-

structure with PW. The third step describes, a performance estimation model, a 

decision model and a step-by-step approach that focuses on utilizing PW for analysis 

and improvement of business processes. 

In order to facilitate the use of the proposed method a prototype is developed. 

The prototype offers a graphical user interface for defining goal structure, 

integrating goals with PW, and goal-based navigation of PW. In order to evaluate the 

proposed method, we first develop an evaluation framework and subsequently use it 

for the evaluation of the proposed method. The framework consists of three 

components, each representing a type of evaluation. The components are 

methodological-structure evaluation, performance-based evaluation and perception-

based evaluation. The results of the evaluation show partial support for the 

methodological structure. However, the results of performance and perception 

evaluation show promising results of the proposed method.  
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1. Introduction 

1.1. Business Process Management Life Cycle 
The general notation of business process is, a sequence of executions in a business 

context based on the purpose of creating value for a business (Houy, 2010). Formally, a 

business process consists of a set of activities that are performed in a specific order to 

jointly realize a business goal (Weske, 2007). Business Process Management (BPM) 

includes concepts, methods and techniques to support the design, administration, 

configuration, enactment, and analysis of business processes to optimize values creation 

(van der Aalst, 2003; Weske, 2007). Lately, BPM has become a vital instrument to help 

organizations in meeting their business goals and achieving competitive advantages. It is 

because BPM offers, a structured, coherent and consistent way of understanding, 

documenting, modeling, analyzing, simulating, executing and measuring business 

operations of an enterprise (Aagesen, 2010).  

There are different phases of BPM lifecycle are presented in literature; Houy (Houy, 

2010) compared these lifecycles to conclude that, "although the number and 

nomenclature of the BPM phases is different, the presented definitions do not vary 

fundamentally". For this work, the lifecycle presented in (Muehlen, 2004) and further 

enriched in (Muehlen, 2006) is the most suitable to mark the scope of this research (i.e. a 

posteriori process analysis and improvement) as a segment of the lifecycle. The life cycle 

consists of six phases, as shown below in Figure 1. These are, project goals and 

environment analysis, process design, process implementation, process enactment, 

process monitoring and process evaluation. This research focuses on the performance 

evaluation and improvement of processes (marked as shaded segment of the life cycle). 

The life cycle essentially starts with an analysis of project goals and environment to 

identify the necessary aims of the business as well as the existing execution order, 

organizational structure and the surrounding rules etc. This is followed by process design 

phase in which the analysis results are transformed into a formal specification of a 

process, commonly known as process model. Also in this phase validation, simulation 

and verification techniques are used to refine the process description and generate actual 

depiction of reality (Weske, 2007). This is followed by process implementation phase in 

which the described processes are enhanced and realized in a dedicated software system 

called Business Process Management System (BPMS). On the completion of this phase, 

processes are ready for execution. This is followed by process enactment phase in which 

the configured processes are executed as per specification and traces of processes are 

generated. BPMS controls the execution of process and captures traces of execution in 

process log. At the same time, from the administrative perspective, process monitoring 

takes place to accurately visualize the status of the process instances, as they execute 

(Muehlen, 2006). Performance evaluation phase also known as performance analysis or 

post-execution analysis completes the BPM life cycle. It uses the information generated 

during process execution to assess process performance that serve as a basis to improve 

processes and their execution performance (Weske, 2007).  

In this research, we focus on the post-execution analysis of processes (represented by 

shaded area in Figure 1) and use the results of analysis for improving process 
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performance. The following two sections respectively discuss performance analysis and 

improvement of processes, and the use of data warehouse technology for this purpose. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Business Process Management Lifecycle, adapted from (Muehlen, 2004) 

1.2. Process Performance Analysis and Improvement 
Business Process Management System (BPMS) is a software system that is driven by 

explicit process designs to enact and manage operational business processes (Weske, 

2004). BPMSs were introduced for designing, administering, managing and improving 

processes efficiently (van der Aalst, 2007). As a part of the implementation phase of the 

BPM life cycle, processes are described in BPMS, followed by assignment of agents and 

resources to activities. For execution, the assigned agents are responsible for execution of 

the task. BPMS control the execution of processes and captures traces of execution in 

process log. These log files consist of entries indicating activities that have occurred 
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during processes execution; start of activity and end of activity, the assigned agents and 

outcome of the execution is the typical information that is stored in execution logs (van 

der Aalst, 2011; Schiefer, 2003a). These traces of processes stored in logs are widely 

acknowledged as significant amount of information for analyzing performance of 

processes and to identify opportunities for improvement (Schiefer, 2003a; Grigori, 2004; 

van der Aalst, 2007). For instance, the cause of a certain behavior of a process can be 

identified by looking up in process traces to figure out who has performed certain 

activities at what time and in which role (List, 2002a).   

Nowadays enterprises are striving to reduce their cost and at the same time enhance 

their performance with an aim to deliver better services and achieve competitive 

advantage. Integral to this end is post-execution analysis or performance analysis of 

processes (Ha, 2006) to diagnose inefficiencies in utilization of resources, and delays in 

execution of activities etc. However, the real purpose of analysis is not limited to 

analyzing execution behavior, but to take improvement actions in order to overcome the 

diagnosed inefficiencies. It is because, analysis without improvement is meaningless and 

improvement without action is dangerous i.e. analysis and action (improvement) are 

inseparable (Cochran, 2003). Therefore, both analysis and improvement must work in 

harmony to realize any benefit of each task. This implies, process improvement is bound 

to follow process analysis. Aligned with that, (Muehlen, 2004; Pourshahid, 2009) 

advocate, the results of the process performance analysis serve as a basis for improving 

processes, such as, planning resource capacities and adjustment to process structure with 

regard to their impact on process performance.  

Improvement of business processes, the ultimate outcome of process analysis, is 

becoming on top of the agenda for many enterprises (Coskun, 2008). However it is 

widely acknowledged that, process improvement is a broad concept and a number of 

terminologies are associated with it (Adesola, 2005; Forster, 2006) e.g. business process 

redesign, business process reengineering and continuous process improvement. In order 

to scope this study, we differentiate between two types of improvement, depending upon 

the degree of change in a process, a) radical, that refers to business process redesign and 

business process reengineering, b) incremental, that refers to business process 

improvement (Chen, 2009b). In the scope of this study, improvement of processes is 

constrained to achieve business process improvement; where it is defined as an 

incremental enhancement of existing processes within functional borders (Davenport, 

1993; Forster, 2006). According to Davenport (Davenport, 1993, p.11) the scope of 

business process improvement is narrow and short-term whereas, one single process 

change activity with the intention to enhance the process is called process modification 

step or process change. 

Specifically, in the scope of this thesis, process improvement refers to at least a single 

change in one of the following: agent assigned to an activity, resource assigned to an 

activity, or change in the process structure. Agent assignment refers to the actor or the 

role (called actor type) responsible for performing an activity of a process. Resource 

assignment refers to the resource(s) required to perform an activity of a process. The 

reason of including these two changes (agent assignment and resource assignment) is due 

to their potential impact on the performance of an activity thereby on the process. That 

is, the performance of activities in several cases is dependent on the suitability of agent 
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i.e. its ability to perform the activity, as well as on the resource/s involved in the activity 

or needed for the activity.  

To clarify the concept of process improvement, consider the example of a stroke 

treatment process. Stroke is a life-threatening disease, in which the brain functions are 

disturbed due to interruption in blood supplies. A key technique to diagnose stroke is the 

use of Magnetic Resonance Imaging scan (MRI scan). If stroke is diagnosed for a 

patient, the only treatment is a major surgery. Due to this dependency of the stroke 

diagnoses on the scan, it is necessary to assign the most appropriate agent for the 

scanning activity, in the example case a certified and experienced agent to operate the 

scanner and perform scanning. In addition to the agent's capabilities, the performance of 

the activity is also dependent on the availability and performance of resource, which in 

this case is an MRI scanner. For instance, if the scanner is out of order or replaced by the 

one with different operating procedure, it may affect the performance of activity and that 

of the agent who is using the scanner. Similarly, it can be argued that a specific agent can 

use a specific resource to perform an activity better than another agent, due to some 

underlying real world (intended or unintended) phenomena which includes personal 

preferences, user behavior, familiarity or affiliation with a specific resource. To 

summarize, beside changes in process structure, process improvement includes 

assignment of the most appropriate agent and resource to a specific activity. 

It is notable that process improvement is not a destination that is achieved once for all 

times, it is rather an ongoing effort by adjusting to the upcoming needs of business. This 

requires a set of tools and technologies that can be used to continuously analyze the 

execution behavior of processes and to improve those processes. However, BPMSs only 

control the execution of processes, records many types of events and offers only very 

basic analysis capabilities, such as retrieval of status information about process instances 

or summary about cycle time (Schiefer, 2003a). An assessment of today's BPMSs using 

FileNet - a leading commercial BPMS, as a representative example discovered, the lack 

of support to improve process based on an analysis of current situation and evaluating 

these results (Netjes, 2006; van der Aalst, 2007). An alternative is to use data 

warehousing and mining techniques, because analysis is usually on aggregated 

performance data and not on individual cases (Grigori, 2004; Netjes, 2006; van der Aalst, 

2007).  

1.3. Process Warehouse for Performance Analysis and 
Improvement 
A widely adopted approach for business analysis is the use of Business Intelligence (BI) 

techniques which includes data warehousing, data mining and analytical applications. 

One way to gauge the adaptation/signification of a technique is to estimate the size of 

market.  According to (Hackathorn, 2005), the market of BI tools and techniques raised 

to 13.4 billion in 2003. Among these, specifically data warehousing market is the fastest 

growing market with an annual growth rate of 11.5% from 2009 and is projected to reach 

13.2 billion dollars in revenue by 2013, according to 'the 451 Research Group' - which 

provides market-sizing information for the data-warehousing sector (the451research, 

2010). Consistent with that, a possible approach to analyze business processes 

performance is to utilize BI techniques (Grigori, 2004; Bucher, 2009; Castellanos, 2009). 
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These techniques attempt to facilitate the analytical capabilities of BPMSs by employing 

data warehousing and data mining techniques. (List, 2002a) has discussed several 

reasons for using data warehouse-based approach to continuously analyze and improve 

business process performance. The reasons are as follows:  

− Process logs captures traces of process execution for a short time period such as 

few months. However, an error free analysis and identifying patterns of execution 

behavior requires large amount of historical data. This justifies the need for a read-

only analytical database (called data warehouse) that can capture large volume of 

historical data. 

− During the execution of a process, BPMSs continuously update process logs, 

therefore using such logs for aggregating large volumes of data can cause bottleneck 

and thereby crash the system. This justifies the need for a separate database (data 

warehouse) that does not affect the performance of process execution. 

− Typically, process logs are stored as normalized databases, which cause costly joins 

and thereby reduce the response time for aggregating large data volumes. This 

justifies the need for a database that captures aggregated data for answering analytical 

queries - a property of data warehouse. 

− There is a variety of source systems, which can be used for a balanced and 

enterprise wide process analysis. However, data from these sources cannot be added 

to process logs due to their design limitations. This justifies the need for a data 

warehouse in which data from various source systems (such as process logs and 

EPRs) can be added. Also a data warehouse provides information at different 

granularity levels addressing the needs of users at strategic, tactical and operational 

level. 

Conventional data warehouses however do not provide an adequate basis for a detailed 

analysis of business processes, because it does not capture information about ongoing 

activities from a process perspective (Casati, 2007; Marjanovic, 2007; Shahzad, 2012). 

For example, information about activities, their starting time, ending time and status of 

activities is not captured in a data warehouse. As a consequence, credible decisions 

cannot be taken on potential process improvements using data-oriented warehouses as 

the information sources (Casati, 2007a; Sayal, 2002; Shahzad, 2012). The process-

oriented data warehouse concept, or simply Process Warehouse (PW), was been 

introduced as an alternative to traditional data warehouse (List, 2000). It is a   

"separate read-only analytical database that is used as a foundation for process 

oriented decision support systems with the aim to analyze and improve business 

processes continuously. It provides comprehensive information on processes quickly, at 

various aggregation levels and from different and multidimensional points of view to 

effectively support the management of processes" (List, 2001). 

Process warehouse stores data about executed business processes, including 

information about actors, executed activities, execution time and frequency of these 

activities (Casati, 2007; List, 2000), and thereby can be used for analysis and 

improvement of those processes (Casati, 2007; List, 2000; Shahzad, 2012). A PW differs 

from a data warehouse in several ways, which spans across two levels, structural and 

architectural. Architectural level is the set of specifications that describes the 

organization of warehouse objects, how they work together and how the data flows 
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between them (Wingenious, 2005). Structural level describes the design specification of 

data, relationship between data and constraints in a data (Connolly, 2005 pp. 45). The 

two key differences between PW and data warehouse that spans across structural and 

architectural level are as follows: a) a data warehouse is designed to support subject-

oriented analysis of an enterprise, whereas a PW is designed to support analysis of 

process performance, b) a data warehouse is populated from operational sources also 

called transaction processing systems, whereas a PW is populated with business process 

execution data and process related information (Schiefer, 2003). The architectural 

diagram of PW is shown below in Figure 2.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2: Process warehouse architecture, adapted from (Muehlen, 2001) 

1.4. Problem Statement and Research Question 
Performance evaluation or post-execution analysis of business processes is an important 

phase in BPM lifecycle. It uses the information gathered during execution of processes to 

assess process performance that serve as a basis in adapting their businesses to 

continuously changing environment due to technological, economical organizational and 

market changes (Coskun, 2008). A number of efforts have been reported claiming their 

support for performance analysis and improvement of processes. (Vergidis, 2008) 

reviews and classifies these approaches to conclude "little work has been done on the 

actual improvement of process and that business process improvement has not received 

sufficient attention". Recently, Zellner (Zellner, 2011) surveyed these approaches and 
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conducted a structured evaluation of a chosen set of business process improvement 

approaches to establish that 'none of the evaluated approaches support the act of 

improving processes in a structured way'. In fact, they go a step further and compare the 

act of improving with a black box, which consequently increases uncertainty on the way 

improvement is done. Therefore, it has been widely agreed that the task of improving a 

process lacks guidelines and is only poorly supported (Forster 2006; Reijers 2005; 

Zellner, 2011). 

PW as a concept has been in existed for several years (List, 2000). The work done in 

this domain is limited to either developing domain-specific such as (Ghannounchi, 2010; 

Neumuth, 2008) and domain-independent (Schiefer, 2003) multidimensional models or 

addressing traditional databases issues, such as aggregation, indexing etc. However, only 

few implementations like HP’s business process cockpit (Sayal, 2002) have been 

reported. One possible reason is that adequate methods, clearly defined steps or 

instructions that can guide process managers for performance analysis and improvement 

of processes using PW are not available (Pourshahid, 2009; Shahzad, 2011). In the 

absence of such methods, guidelines or clearly defined steps important steps may be 

ignored and credible improvements steps cannot be taken (Zellner, 2011; Griesberger, 

2011). The problem domain of this research is thus set on studying the methods and 

techniques that uses PW for analysis and improvement of processes. The major question 

that has guided the direction of this research therefore became: 

How to facilitate performance analysis and improvement of business 

processes using process warehouse? 

 

The stated question is general and it can be interpreted differently by readers with 

different background knowledge. So, announcing that all the aspects related to the 

question will be handled in this work is an ambitious claim. Therefore, to clearly define 

the scope of this research we discuss the specific problems/issues that are particularly 

addressed in this thesis. The specific problems that we aim to address in this work are as 

follows: 

 

Problem 1. A variety of performance analysis approaches that enables process 

improvement exist in literature. The huddle of these approaches hinders the 

understanding and choice of a suitable approach. A possible solution is to put a 

collection of approaches in an order by building a taxonomy of approaches, which 

coupled with detailed review of approaches can assist in evaluating and selecting a 

suitable approach (Giagli, 2001). However, limited work has been done to classify these 

approaches, particularly, classification of the approaches that aim at post-execution 

analysis and improvement of processes are scarce. This arises two concerns, firstly it is 

not known what features of business process analysis and improvement approaches have 

been discussed in literature; secondly a collection of specific issues that are not 

sufficiently explored does not exist. This justifies the need for identifying performance 

analysis and improvement approaches though a well structured procedure, performing a 

content analysis of these approaches based on different aspects and building taxonomy of 

these approaches. 
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Problem 2. PW design has a significant impact on the use of PW for performance 

analysis and thereby on improvement of business processes. For instance, if the design is 

not appropriate or important analytical requirements are missed, it limits the analyses and 

therefore important improvements may be ignored and hence does not bring any value to 

users. However, little work has been done to compare and evaluate the capabilities (e.g. 

what types of analyses are supported by PW) and completeness of PW design proposals. 

Studies such as (Mansmann, 2007; Eder, 2002; Giorgini, 2005) partly include some sort 

of evaluation, however these studies do not give a comparison with other approaches. 

One possible reason is that frameworks or models that can be used specifically for the 

evaluation PW are missing. This justifies the need developing a framework for 

comparison and evaluation of PW design proposals. The aim of the framework is to 

identify the specific areas (referred to as components in the framework) that should be 

considered in the comparison and evaluation of PW design.  

  

Problem 3. As discussed earlier, the concept of PW exists for several years, however, 

only few implementations such as HP’s process cockpit (Sayal, 2002), have been 

reported.  One possible reason is that adequate guidelines, methods or a set of 

instructions that can guide process managers for business process improvement using 

PW are not available (Shahzad, 2009; Shahzad, 2012). For determining improvements 

needs, relevant data about execution of process should be retrieved from PW in a way 

that it enables correct, efficient and timely choice of process changes. It is because, in the 

absence of adequate and sufficient methods and techniques the quality of decision may 

suffer (Chen, 2009; Shahzad, 2010). Therefore, it is of considerable importance to have 

methods that support the use of PW for analyzing process performance and deciding 

process improvements (Shahzad, 2010).  

A method can be a meaningful solution to provide this demanded support, because a 

method (guided steps coupled with techniques) offers a step-by-step approach to guide 

performance analysis and enables process improvement (Zellner, 2011). While building 

the method there are a number of issues, which needs to be considered regarding design 

and use of PW. Regarding design, it has been argued that typically due to the large size 

of PW, users commonly retrieve irrelevant data, miss vital information, and as a 

consequence, fail in the process analysis task (Shahzad, 2011). Regarding use, business 

experts heavily depend on the skills of IT personnel to use PW, therefore, the absence of 

adequate and sufficient methods and techniques, limits the users who can fully exploit 

the benefit of PW for analysis and improvement of processes.  

1.5. Research Goals 
As discussed in the preceding section, the problem domain is set on using process 

warehouse for performance analysis and improvement of business processes. 

Corresponding to the main research question, the overall goal of the thesis is formulated 

as:  

To develop a process warehouse-based method that can facilitate and guide 

performance analysis and improvement of business processes. 
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The overall goal is decomposed into the following sub-goals where each sub-goal 

corresponds to a research problem discussed in the preceding section. The sub-goals are 

defined and discussed below: 

 

G 1: To review and classify existing approaches to performance analysis of processes 

that enables process improvement.  

As a contribution towards achieving the goal, we identify a set of business process 

analysis approaches through a well structured procedure, followed by selection of the 

studies that meet certain criteria. The selected studies then undergo content analyses in 

terms of the different aspects that are discussed in the selected studies to build taxonomy 

of the existing approaches. The outcome of achieving this goal is identification of the 

specific areas that are not sufficiently explored in literature. 

 

G 2: To evaluate and compare the capabilities of process warehouse design for 

performance analysis and improvement. 

As a contribution towards achieving this goal, we intend to compare and evaluate process 

warehouse design proposals. For that, a starting point may be the consideration of the 

problems and the reasoning behind the problems i.e. little work has been done to 

compare and evaluate the capabilities of PW design because, a generic framework that 

can be specifically used for the evaluation PW is missing. Therefore, at first the factors 

that can influence the design and use of PW are collected from literature studies. Rooted 

into the factors we develop a framework for evaluation of a PW design. The framework 

identifies the specific areas to be considered in the comparison and evaluation. The 

developed framework is then used to compare and evaluate the PW design proposals 

collected through a literature survey. The outcome is the identification of the limitations 

of existing PW design. 

 

G 3: To develop a method for performance analysis of processes and deciding on process 

improvements using process warehouse. 

As a contribution towards achieving the goal, we aim to propose a goal-driven method 

for analysis and improvement of business processes that can be used by the users with 

limited knowledge and experience of PW. Specifically, the method facilitate process 

managers to determine on the needed process improvements by diagnosing business and 

process related weaknesses that hinder the fulfillment of goals of a process. Based on 

needs for improvements, improvement decisions can be taken, which can be applied in 

the form of process changes. 

1.6. Research Approach 
Research is "a systematic investigation and study of materials and sources in order to 

establish and facts and reach new conclusions" (Oxford, 2011). Research in Information 

Systems (IS) deals with both technological aspects (working computer systems) and non-

technological settings (organizational or human settings) because, by definition, IS 

discipline deals with application of Information Technology (IT) for improving the 

effectiveness and efficiency of organizations (Silver, 1995). In line with that, Hevner and 
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March (Hevner, 2004; March, 1995) classified IS research into two paradigms, 

behavioral science and design science. 

Behavioral science paradigm is rooted in natural science research methods (Hevner, 

2004). It extends the body of knowledge by developing and justifying theories that 

explain human or organizational phenomena (Hevner, 2004). Design science paradigm 

on the other hand is rooted in engineering systems and fundamentally, it is a problem-

solving paradigm (Simon, 1996). It extends the body of knowledge by creating ideas, 

practices, technical capabilities and products for developing and using information 

systems (Simon, 1996; Hevner, 2004, Tscichritzis, 1997). March (March, 1995) pointed 

out that the main purpose of design science is to create technology-oriented artifacts that 

serve human purposes and its output is assessed against questions like, does it bring 

value to users?, does it work?, and is it improved?  

(March, 1995) has outlined a two dimensional research framework for design science 

by making distinction between research result and research activities. The research 

result of the design science is one of the following four types, constructs, model, method 

and instantiation, whereas research activities of the design science are building an 

artifact and evaluating the artifact. A brief description of each type and activity is 

presented below in Tables 1-2: 

 

Types Description 

Construct Also called concepts, form the vocabulary of a domain. 

Model Set of propositions or statements expressing relationships between 

constructs. 

Method Is a set of steps (an algorithm or guidelines) used to perform a 

task? 

Instantiation Also called implementation and prototype system, is the 

realization of an artifact in its environment and it demonstrate the 

feasibility and effectiveness. 

Table. 1: Research result of design science; tabularized from (March, 1995) 

 
Activities Description 

Build Refers to the construction of an artifact, demonstrating that such 

an artifact can be constructed. 

Evaluate Refers to the development of criteria and the assessment of artifact 

performance against those criteria. 

Table. 2: Research activities of design science; tabularized from (March, 1995) 

 

While (March, 1995) listed evaluation of the artifact as one of the two activities, (Hevner, 

2004) emphasize the need for a rigorous evaluation of the build artifact. They provide a 

list of design evaluation methods (see Table 3) and argue that the evaluation method 

must be matched appropriately with the designed artifact.  

 

Type Description 

Observational Case Study – Study artifact in depth in business environment 
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Field Study – Monitor the use of artifact in multiple projects 

Analytical Static Analysis – Examine structure of artifact for static qualities  

Architecture Analysis – Study fit of artifact into technical IS 

architecture 

Optimization  – Demonstrate inherent optimal properties of 

artifact or provide optimality bounds on artifact behavior 

Dynamic Analysis – Study artifact in use for dynamic qualities  

Experimental Controlled Experiment – Study artifact in controlled environment  

for qualities 

Simulation – Execute artifact with artificial data 

Descriptive Informed Argument – Use information from the knowledge base to 

build a convincing argument for the artifact’s utility 

Scenarios – Construct detailed scenarios around the artifact to 

demonstrate its utility 

Testing Functional (Black Box) Testing – Execute artifact interfaces to 

discover failures and identify defects 

Structural (White Box) Testing – Perform coverage testing of 

some metric (e.g., execution paths) in the artifact implementation 

Table. 3: Design evaluation methods (Hevner, 2004) 

As discussed earlier the main goal of this study is to develop an artifact (a method that 

can facilitate and guide performance analysis and improvement of processes), so we 

choose to follow the two dimensional research framework for design science proposed 

by (March, 1995). Though the primary aim is to develop a method for guiding process 

analysis and improvement, but a vocabulary of the concepts used in the method and a 

model expressing relationships among concepts is also presented. Furthermore, the 

underlying techniques of the method are demonstrated by implementation. In terms of 

activities, we build an artifact to demonstrate that it can be constructed and for 

evaluation an evaluation framework is constructed, which involves four types of 

evaluation methods, observational, analytical, experimental and descriptive.  However, 

the fifth evaluation method 'testing' has not been used, because the aim of the 

implementation is constrained to developing a prototype to demonstrate the proposed 

solution. 

1.7. Research Process 
For this study, we have followed design science approach because the goal of the study is 

to develop an artifact, i.e. not to develop or explain theories to explain human or 

organizational phenomena. Takeda (Takeda 1990) introduced a design science research 

cycle consisting of five phases (awareness of the problem, suggestion, development, 

evaluation and conclusion), whereas March (March 1995) included two activities (build 

and evaluate) in his research framework. Ilayperuma (Ilayperuma, 2011) reflect the 

relevancy of March's activities for Takeda's five phases, by categorizing its five phases. 

Among the five phases, the first three phases can be categorized into a building step 

whereas the last two phases can be categorized into the evaluation step. Figure 3 shows a 
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consolidated version of the five phases followed by a description of how each phase has 

been followed in this study.  

 

Figure 3: Phases and categorization of design science approach (Takeda, 1990) 

 

Awareness of the problem. Design science attempts to address real-world problem(s) by 

creating an artifact. It is therefore in this phase that the problem is identified or defined 

and the scope of the problem is defined. Besides scoping the problem, the related objects 

that might have impact on the problem are also studied. For this phase, a set of existing 

approaches for performance analysis of process execution are identified through a 

structured procedure. The selected studies undergo content analyses in terms of the 

different aspects discussed in the studies. Finally, taxonomy is build based on the content 

analyses of the selected studies by employing a bottom-up clustering approach.  

From the classified approaches and analysis of literature we observe, there are fewer 

approaches to process performance analysis that uses PW as information source, and 

although PW design has a significant effect on its use for improvement of business 

processes but little work has been done to compare and evaluate the capabilities of PW 

design. Therefore, a framework for evaluation of PW design is proposed and afterwards 

used to compare and evaluate a set of design proposals collected through a 

comprehensive survey. Accordingly, the problem statement and the scope of this thesis 

are defined. The relationship of our activities with the Takeda's five phases and the 

output of our each activity are shown in Figure 4 followed by a discussion of the 

remaining phases. 

Suggestion. The aim of this phase is 'to suggest key concepts needed to solve the 

problem' (Takeda, 1990) and produce a tentative design of the artifact. Regarding this 

phase, at first requirements of PW design that support process performance analysis are 

elicited based on a literature study. These requirements serve as a basis for developing a 

method that can guide performance analysis and improvement of processes. Secondly, a 

vocabulary of the basic concepts needed for developing BPI method are defined and  

model expressing relationships among the concepts are also defined. Thirdly, an 
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overview of the analysis and improvement that describe different phases of the method is 

developed and presented in Chapter 4. 

 

Figure 4: Phases and categorization of design science approach 

Development. According to Hevner (Hevner, 2004) and March (March, 1995), the 

product of design science is a viable artifact. It is this phase in which initial version of 

the built artifact (outcome of suggestion phase) is enriched to develop an artifact that 

addresses the problem identified in the first phase. For development phases, the phases of 

our analysis and method are decomposed into tasks and the underlying techniques for 

executing these tasks are built (see details in Chapter 5, 6, 7). For example, for the first 

phase 'building goal structure' three tasks are defined and techniques for executing these 

tasks are presented in Chapter 5. These tasks are, recursively analyze process, identify 

goals of process and decompose them, and identify criteria for fulfillment of goals.  

 

Evaluation. For design science research Takeda (Takeda, 1990) and Hevner (Hevner, 

2004) have emphasized the need for a rigorous evaluation of the artifact. For that, March 

(March, 1995) has suggested two sequential steps for evaluation, development of criteria 

and assessment of the artifact against the criteria. Addition to that, (Awad, 2010) has 

argued that developing prototype is an important step specifically for business process 

management community and by implementation concepts can be better communicated 

and valuable feedback can be gained. In line with the discussion, in this study a 

prototype is implemented and applicability of the proposed artifact is demonstrated with 

an example illustration. For a more rigorous evaluation, an evaluation framework is 

constructed which involves four (analytical, experimental, testing and descriptive) out of 

the five types of evaluation methods presented in (Hevner, 2004). The performance of 

the artifact is then evaluated against the developed framework. 
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Conclusion. It is a concluding phase of the cycle findings of the study and reflections on 

the findings are discussed. Also it is during this phase that the produced artifact together 

with the evaluation results is communicated. Regarding this phase, the findings and 

reflection on the findings are discussed in Chapter 10. Also the different parts of the 

study were published in journals, international conferences and their satellite events.  

1.8. Contributions and Disposition 
The thesis focuses on the use of PW for performance analysis and improvement of 

processes. Particularly, the contributions of the thesis address the problems discussed in 

Section 1.4 and achieve the goals defined in Section 1.5. The major contributions of the 

thesis and their corresponding chapters are as follows: 

 

Contribution 1: Literature survey of existing approaches to performance analysis of 

processes and enabling process improvement. 

We have conducted a literature survey of existing approaches to performance analysis 

of processes, as an attempt to address the first problem and to achieve the first goal i.e. to 

review and classify existing approaches to business process analysis that enables process 

improvement. The studies included in the survey are selected through a highly structured 

and repeatable procedure. This is followed by an analysis of the selected approaches in 

terms of the different aspects they discuss. A bottom up clustering approach is then 

employed to build taxonomy of the approaches. Novelty of the survey lies in the 

structured and repeatable procedure as well as in the taxonomy for the performance 

analysis approaches. 

This contribution is discussed Chapter 2 and it is in preparation for publication as 

(Shahzad, 2013). 

 

Contribution 2: Evaluation and comparison of the process warehouse design proposals 

collected through a comprehensive survey. 

Due to the significant impact of the process design on its ability to support process 

performance analysis we first develop a framework that can be used to compare and 

evaluate PW design proposals. The framework identifies specific areas, referred to as 

components in the framework that must be considered in the evaluation and comparison 

of PW design. Afterwards, the framework is used for comparison and evaluation of the 

existing design proposals, collected through a comprehensive survey. Novelty of this 

chapter lies in the proposed evaluation framework and in the evaluation of PW design.  

This contribution is discussed in Chapter 3. A part of the proposed framework and 

evaluation results is published in (Shahzad, 2009c). 

 

Contribution 3: Goal-driven method for performance analysis and improvement of 

processes using process warehouse. 

The third major contribution is a goal-driven method for analysis and improvement of 

business processes that can be used by users with limited knowledge and experience of 

PW. Specifically, the method facilitates process managers to determine on the needed 

process improvements by diagnosing the inefficiencies that hinder the fulfillment of 

performance goals of a process. Based on needs for improvements, improvement 
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decisions can be taken, which can be applied in the form of process changes. This 

contribution with respect to the BPM lifecycle is represented by the shaded area in 

Figure 5. This contribution is discussed in Chapter 4, 5, 6 and 7 and published in 

(Shahzad, 2009; Shahzad, 2010; Shahzad, 2011; Shahzad, 2011a; Shahzad, 2012). The 

specific details of explained below.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Third contribution with respect to the BPM life cycle (excerpt version) 

As depicted in Figure 5, our contribution focuses on the post-execution analysis and 

improvement of processes. The three steps of the method are respectively discussed in 

Chapter 5, 6 and 7, whereas below we discuss the specific contribution of each chapter. 

In Chapter 4, a set of requirements for a method for performance analysis and 

improvement are elicited based on existing studies and findings from the preceding 

chapter. Secondly, a set of fundamental concepts, that are later used in the proposed 

method are introduced and relationship between them are defined. Finally, an overview 

of our three step method is present to describe the relationship between different steps. 

Novelty of this chapter lies in the elicitation of requirements, our innovative PW, 

metamodel of the fundamental concepts as well as the introduced method. Parts of this 

chapter are published in (Shahzad, 2009d; Shahzad, 2011a; Shahzad, 2012), more 

specifically the concept of our innovative PW is published as a part of (Shahzad, 2011a), 

the metamodel of the fundamental concepts is published as a part of (Shahzad, 2012); 

and an overview of the method that describes the relationship between part of the method 

is published as a part of (Shahzad, 2011). 

Chapter 5 concerns the first step of our proposed method i.e. building goal structure. In 

the chapter we introduce two artifacts (Process Decomposition Tree and Goal 

Decomposition Tree) that are later used in the first step of the method. Subsequently, the 

tasks of the first step that can guide the building of goal structure are defined and 

techniques for executing these tasks are defined. Novelty of this chapter lies in the 

methodical steps, their underlying techniques, Process Decomposition Tree and in 

partially in the Goal Decomposition Tree. The concept of Goal Decomposition Tree, 

 

Process  

Design 

Specification 

and Modeling 

Process  

Implementation 

Modeling & 

Implementation 

Process  

Enactment 

Process 

Execution 

Performance  

Evaluation and 

Improvement 

Process 

Warehousing 

 

Process Models 

 

 

Implemented 

Processes 

Execution 

Traces 

Improvement 

Decisions 

Target 

Metrics 

PW based Method 

Step 1: Build Goal 

Structure 

Step 2: Design PW & 

Integrate Goals 

Step 3: Performance 

Analyze & Improvement 



38 
 

excluding the details of decomposition operators, is published as a part of (Shahzad, 

2009; Shahzad, 2010). 

Chapter 6 concerns the second step of the method integrating goals with PW. In the 

chapter, the design specifications of our innovative PW are presented. Subsequently, the 

PW design specifications are extended to integrate goals with PW. Following that, a set 

of operations for goal structure, that are used to navigate PW using goals, are defined. 

Novelty of this chapter lies in the specification of PW, integration of goals with PW as 

well as navigation of PW using those goals. The integration spans across two levels, 

conceptual and implementation level. The concept of integrating of goal with PW is 

published as a part of (Shahzad, 2010) and its details are published in (Shahzad, 2011a).   

Chapter 7 concerns the third step of the method, i.e. performance analysis and 

improvement of business processes. In the chapter, a model to compute the suitability 

estimation of agents and resources of a process are presented. Subsequently, a decision 

relationship model is introduced that defines the concepts and relationship used in the 

third step of the method. Also, a set of tasks for the third step are defined that can guide 

the use of PW for performance analysis and improvement of business processes. Novelty 

of the chapter lies in the extensions to the suitability estimation model, the decision 

relationship model and the tasks that guide performance analysis and improvement of 

business processes. The decision relationship model is introduced in (Shahzad, 2009), the 

formalism of its components is published as a part of (Shahzad, 2010) and the tasks that 

guide performance analysis and improvement of process is published as a part of 

(Shahzad, 2012). 

 

The content of the remaining chapters are as follows: 

In Chapter 8 the applicability of the proposed method is demonstrated by prototype 

implementation. It is because by implementation concepts can be better communicated 

and valuable feedback can be gained. In the chapter the architecture of the implemented 

prototype is presented and its modules are explained. Also the method is illustrated with 

by using a healthcare process example. The implemented proposed type is published as a 

part of (Shahzad, 2010; Shahzad, 2011a; Shahzad, 2012). 

The aim of Chapter 9 is to evaluate the proposed method. For that, a method evaluation 

framework is developed that is rooted in generic methods for IS evaluation and in the 

methods that are specific for process improvement. Evaluation of the method is then 

conducted with respect to the components of the developed framework. Novelty of the 

chapter lies is the development and use of the evaluation framework. The components 

are perception based, performance based and methodical structure based evaluation. The 

results of perception based evaluation are published as a part of (Shahzad, 2011) and the 

result of performance based evaluation are published as a part of (Shahzad, 2011a; 

Shahzad, 2012). 

Finally, the research is concluded in Chapter 10. In the chapter, the study contributions 

are summarized followed by a discussion on how the proposed artifact addressing the 

problems and the limitations. Finally, the limitations of the study are presented and the 

directions of future research are discussed. 
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1.9. Publications 
The work described in this thesis has been accepted and published at several international 

forums. Below, is the list of publications directly related to the work presented in this 

thesis. This is followed by another list of publications that are not directly related with 

the work presented in this thesis. 

1. Khurram Shahzad, Jelena Zdravkovic. A Survey and Classification of Business 

Process Analysis Approaches. Springer - Knowledge and Information Systems 

(KAIS) Journal, (planned submission). 
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2.  A Taxonomy for Performance Analysis 
Approaches 

Analysis and improvement of business processes is widely recognized as a top priority 

for many organizations. Since its inception, a number of approaches for process analysis 

have been developed. However, a structured literature review that classifies these 

approaches and thereby offers an overview of the features of these approaches has rarely 

been conducted. This study addresses that limitation by presenting a comprehensive 

taxonomy for classification of these approaches. The taxonomy is build based on a set of 

studies whose selection is unbiased from personal preferences and is representative of the 

existing body of knowledge, due to the underlying protocol. The classification scheme is 

then used for analyzing existing studies to identify limitations of existing efforts and 

open areas of research in the domain.  

2.1. Literature Search and Studies Selection 
The aim of this chapter is to conduct a systematic literature review and classify BPA 

approaches to provide a comprehensive overview of BPA approaches. This research 

follows a systematic approach that is based on the literature review guidelines presented 

in (Cooper and Hedges, 1994; Webster, 2002; Kitchenham, 2004; Levy, 2006; Randolph, 

2009; Fink, 2010), and used in a number of studies such as (Mistiaen, 2007; Walia, 2009; 

Zellner, 2011). According to the guidelines, a starting point for systematic approach is to 

define the research scope of the study (Walia, 2009), which serve as a basis to 

distinguish relevant from irrelevant studies. Subsequently, a structured procedure for 

choosing articles to be included in a literature survey, to minimize the presence of 

personal bias in the selection of articles, for traceability of results, and to be 

representative for the existing body of knowledge. It is because, in the absence of a 

structured procedure, the retrieved data is imprecise and incomplete, consequently, the 

conclusions drawn based on information that does not represent the existing body of 

knowledge. Several studies (Levy, 2006; Brereton, 2007; Kitchenham, 2004; Zellner, 

2011) have cautioned to be independent of specific journals of conference, and advocate 

the use of several the electronic databases and scholarly literature databases (or indexing 

services) which provide coverage the literature review domain. 

As discussed earlier, there are two types of business process analysis, in relation to 

BPM lifecycle, a-priori analysis and posteriori analysis and the scope of this literature 

review is constrained to posteriori analysis approaches. In accordance with the literature 

review guidelines we employ a structured procedure for choosing articles to be included 

in a literature review i.e. a broad search strategy using free text to identify a large set of 

studies and subsequently choose the ones that are relevant. The search strings and 

sources list used for searching articles are presented in Table 4. For searching relevant 

articles, a number of studies (Levy, 2006; Kitchenham, 2004; Zellner, 2011) have 

cautioned to be independent of specific journals and conferences, and advocate the use 

several electronic databases which cover the domain, which in this case is business 

process analysis. In line with that, we use 10 established digital libraries and search 

engines in the field of information systems. It includes Springer, Sciencedirect, ACM DL, 
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EBSCO, Wiley, Inspec, IngentaConnect, Tandfonline, Emerald and IEEE. In addition to the 

digital libraries, the contents of a most relevant journal and conference (Business Process 

Management Journal and International Conference on Business Process Management) are 

considered for the survey. The inclusion of these sources obviously does not guarantee that the 

complete set of articles will be considered for this study; however we argue that these large digital 

libraries index a significant percentage of the studies in the domain under consideration. There is 

a unified e-library available through the university's library webportal that is not considered for 

the search in order to avoid redundant results.  

 

Search Strings Business Process Analysis, Process execution analysis, Workflow 
analysis, Workflow execution analysis, workflow performance 
analysis 

Source List Emerald, IEEE, Sciencedirect, Inspec, ACM, EBSCO, Wiley, 
IngentaConnect, Tandfonline, Springer 

Additional 
Sources 

Business Process Management Journal and International 
Conference on Business Process Management 

Table. 4: Search string and source list 

As per the guidelines, a three-step systematic procedure for assessment of articles is 

used, where an explicitly defined inclusion and exclusion criteria, is used for relevance 

screening. The steps are (Grimshaw, 2003; Kitchenham, 2004; Walia, 2009; Vanwersch, 

2011; Mistiaen, 2007), use title to eliminate the studies that are clearly unrelated, use 

abstract to eliminate the studies that are not related to the research focus, and use full text 

to eliminate the studies that do not fulfill the inclusion criteria for relevance screening. 

The inclusion and exclusion criteria used for relevance screening are presented in Table 

5.  
Inclusion criteria formulated as checklist items 

1. The full text of the article is written in English language. 
2. The studies that aim to present an artifact to analyze a business process. 
3. Studies that discuss software tools for business process analysis 
4. The studies that focus on developing/ proposing tools or technologies that support 

analysis of process execution.  
5. The studies that aim to identify bottleneck of process analysis or the studies that aim for 

errors in process execution are included. 
6. The studies that aim to improve or redesign business processes. 
7. Studies that aim for monitoring business processes   
8. Studies that focus on identifying social network from business processes. 
9. Studies that focus on management of processes are also included.   

Exclusion criteria formulated as checklist items 

1. Empirical studies to assess the BPA trends in a country or in an organization. 
2. The studies that aim to evaluate, analyze or review BPA approaches. 
3. The studies that aim to investigate the impact of BPA approaches. 
4. The studies that aim to report only the experiences of one or more case studies. 
5. The studies that limit their focus on gathering requirements are excluded. 
6. The studies that include analysis, modeling, verification or optimization of process graphs.  
7. The studies that aim for identifying challenges for BPA without suggesting any solutions 

for the challenges.  
8. The processes like software process or chemical processes are excluded.  
9. The empirical studies or case study that focus on analyzing the current state of process are 

excluded 
10. The ones that identify only indicators for performance assessment are excluded.   
11. The studies that discuss the role of a technology for process analysis and improvement are 

excluded.  
12. The studies that evaluate existing process analysis approaches without the aim for 

improving them. 

Table. 5: Inclusion and exclusion criteria for third iteration 



47 
 

Using the search strings on the listed sources a total of 3106 studies were retrieved. 

Based on the titles the number of studies were reduced to 946 and further reduced to 268, 

based on abstracts. Subsequently, full text of 268 was assessed to identify 66 relevant 

studies. During the assessment it was observed that some journals articles are extended 

version of the conference articles. Therefore, for quality assessment, a final scrutiny of 

relevant studies was conducted to omit the conference versions of journal articles and 

position papers. Accordingly, a total of 60 studies are chosen for this study.  

2.2. Classification of Business Process Analysis Approaches 
For the classification a bottom up approach is used to group the studies that have similar 

characteristics. From the studies, three major categories of approaches with respect to the 

underlying technology are observed, data warehouse based, data mining based and 

miscellaneous approaches. Out of 60 studies, there are 18 approaches that use data 

warehouse or process warehouse - a specialized data warehouse for business processes, 

as their underlying technology. Similarly, there are 35 studies that use data mining or 

process mining - a specialized mining for business processes, as their underlying 

technology. In addition to that, there are 7 miscellaneous approaches.  

To further develop sub-classes, the procedure of grouping the studies based on common 

features was repeated for the corresponding studies of each category. A further 

discussion of each category is presented below. 

2.2.1. Process Warehouse based Approaches 

Execution of a process leave traces (also called process data) in the form of event logs 

captured by one of more system, such as databases, audit trails, messages etc (Aalst, 

Challenges of BP Analysis). The logged traces are extracted, refined and populated in a 

central repository, called Process Warehouse (PW). Formally, PW is a separate read-only 

analytical database that is used as the foundation of a process oriented decisions support 

system with the aim to analyze and improve process performance (Quirchmayr, 2001). 

This enables analyzing execution information concerning quality, efficiency and 

timeliness, to identify bottlenecks and ultimately better and cheaper process execution 

(Casati, 2007). PW-based approaches focus on data elements and whose aggregated view 

of the data seen from external perspective (frequencies, averages, utilization etc) i.e. it is 

difficult to look inside the process (Song, 2007). 

To further develop the classification, the procedure of grouping the studies based on 

common features, was repeated for PW based approaches. Similar to the procedure 

defined above, a bottom up approach is used to group the studies that have similar focus. 

During the review it is observed that the focus of approaches generally falls into three 

sub-categories, separated by horizontal lines in the Figure 6. The sub-categories 

correspond to three key stages in the data warehouse lifecycle, that are, warehouse 

design, populating warehouse, and its usage for process analysis. For a process 

warehousing solution to be usable for process analysis all the three stages should be 

covered. The first stage, design of warehouse, is central to warehouse design and 

potentially has significant impact on the usability and performance of warehouse, 

because it define the specification of the process data that is required to be stored in 
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warehouse. This specification afterwards serves as a basis for process analysis. If certain 

analysis requirements are not considered in the specification of PW design, the analysis 

afterwards cannot be served by warehouse. The second stage, populating warehouse, 

also plays a key role in usage of warehouse as its concerns preparing data for warehouse 

and instantiating the design specification of PW. The instances are afterwards presented 

to users to represent the process performance, for process analysis. The third stage, 

warehouse usage, also has a key role in analysis because involves techniques and tools 

(such as OLAP and querying tools) to access warehouse content for process analysis. 

The sub-categories presented in Figure 6 are not mutually exclusive in all cases, meaning 

that some studies span across more than one category, for instance (Shahzad, 2011) 

present the design as well as a method for using PW. A further discussion of each sub-

category is presented below.  
 
 

 
 
 
 
 
 
 
 
 
 

Figure 6: Classification of PW based process analysis approaches 

PW Design: It describes the specification of PW content (as dimensions and facts) and 

relationship(s) between them. A number of selected studies (Casati, 2007; Shahzad, 

2011a; Niedrite, 2007; Mansmann, 2007; Sturm, 2012; Shahzad, 2012; Mansmann, 

2007a) focus on the design specification of PW, however these approaches intend to 

achieve rather different objectives. A few of these studies, (Casati, 2007; Shahzad, 

2011), present generic specifications of PW design. Casati (Casati, 2007) observed that a 

process can have different versions for different customers and thereby can have 

different analysis requirements. This is particular relevant if the business process is 

outsourced i.e. a part of a process is delegated to another company. Also, there are 

several processes in an organization; therefore developing a process specific solution is 

not viable. Another concern is that analysts expect higher level picture of process than 

the process execution information. As a solution to these limitations, a generic design of 

PW that is reusable and flexible in the sense that it independent of any process 

specification, is proposed. Because of its generic specification, PW design does not 

change due to the change in process specification or execution. According to the 

approach, commonalities are factored out and limited number of analysis measures are 

captured that are applicable to all or most processes. On the other hand, Shahzad 

(Shahzad, 2011) motivates the need for business-orientation in the design of PW and 

focuses on integrating goals with PW. They justify the need for a generic PW design by 

arguing that existing PW design proposals are incomplete and present a generic 

metamodel for PW design that encompasses all existing design proposals. However, 

unlike (Casati, 2007), (Shahzad, 2011) present the specification of PW design that are 

not directly implementable; instead it define classes of dimensions and facts that a 
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complete PW design should have in its specification.  The classes reduce the complexity 

of analyzing processes and ensure identification of an exhaustive list of measures and 

dimensions. Due to reusability and flexible design the former design (Casati, 2007) is 

useful for the enterprises which run ad hoc processes, for instance in healthcare where all 

possible process executions cannot be pre-determined due to its dependency on a number 

of factors, such as patients condition. In contrast, the later (Shahzad, 2011) is suitable for 

specialized processes where the processes are stable (do not change frequently) and 

strictly followed. For example in a car manufacturing companies, where pre-defined 

procedures are followed and analysts are interested in case specific measures, rather than 

common denominators. 

A subset (Shahzad, 2012; Niedrite, 2007) of the studies that focus on the structure of 

PW, aim for optimal specification of PW design i.e. the specification fulfill the needs of 

process analysis. Among these, Niedrite (Niedrite, 2007) has presented a method for 

designing PW that only captures the measures concerning business goals, which the 

process intends to achieve. Examples of business goals are: improve effectiveness of 

student enrolment and improve efficiency of investment. The underlying principle for 

deriving measures for PW design is goal-question-indicator-measure. According to the 

principle, sub-goals of the business goals are determined until measurable goals are 

reached. Subsequently, a set of questions that represent the achievement of the 

measurable goal are defined and corresponding indicators that answer the questions are 

identified, which ultimately server as a basis for defining measures. (Shahzad, 2012) 

argue that due to the large size of PW and lack of approaches for their efficient use, users 

may retrieve irrelevant data or miss vital information and as a consequence fail in the 

process analysis task. Therefore, PW design specification should be aligned with the 

needs of business process analysis i.e. a design that captures necessary and sufficient 

information in PW. More specifically, the design captures the measure concerning the 

performance goals that are intended to be achieved by a process. Examples of 

performance goals are timely process execution, efficient process execution etc. 

Additionally, PW design has a stable part that captures information about performance 

goals and their relationship with structure of PW. The performance goals are afterwards 

used for analysis of processes. Due to the dependency of design on a goal structure, these 

studies are not feasible for ad hoc processes.  

The remaining studies (Mansmann, 2007; Sturm, 2012; Mansmann, 2007a) aim for 

conformity of PW design with process specification.  structure or flow-oriented process 

specification. (Sturm, 2012) discuss that business process lifecycle consists of four stages 

(process specification, implementation execution and monitoring and process analysis) 

but the relationships between these stages are loosely defined. Due to the lack of 

synchronization between stages, it cannot be determined what elements of a process 

should be analyzed and thereby improved for enhanced process performance. To address 

this problem, (Sturm, 2012) propose a rule based method for transforming business 

process specification into a PW design specification. The method consists of eight 

transformation rules whose inputs and outputs are defined and illustrated with examples. 

By employing the rules for a process specification all possible specifications of PW 

design are generated leaving the design should appropriate specification. However, the 

method only generates dimensions i.e. it does not generate summary attributes called 

facts. (Mansmann, 2007; Mansmann, 2007a) affirms that process model specifications 
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and PW design (multidimensional model) specifications are driven by conflicting and 

incompatible objectives and convergence of the two specifications can create value 

beyond the sum of their parts. Therefore, it is crucial to find means of converging the two 

specifications, however, the approaches with the ability to do that are scarce because 

there is not straightforward solution to that. The developed solutions, obtain recording 

scheme of process model, and employ vertical and horizontal process decomposition. 

Vertical decomposition corresponds to identification of process elements, such as 

system, state and event; whereas horizontal decomposition is used to identify 

dimensional characteristics of facts. Due to the dependency of design on process 

specifications, these studies are not necessarily feasible for ad hoc processes. 

 

Populating PW: It refers to the preparation of data for populating PW and loading it in 

PW that is the afterwards used for business process analysis. Among the studies that use 

PW as their underlying technology analysis for process analysis, some studies (Jeng, 

2003; Casati, 2007; Castellanos, 2009; Radeschutz, 2010) focus on developing 

technologies for populating PW. Among these studies, (Casati, 2007; Radeschutz, 2010) 

focus on data preparation for populating PW. As discussed earlier, (Casati, 2007) 

present the need for a generic PW design specification (that captures the commonalities 

applicable to most processes) as a viable solution for process analysis. The study 

identifies that analysts expect higher level picture of process than the process execution 

information. Therefore, a mechanism is needed to generate the common aspects that 

should be captured in PW, and convert process data to a higher level of abstraction that 

matches the specification of PW design. For that, a two phase semi-automated procedure 

for collecting, abstracting, and loading process data is presented. In the first phase, event 

data is extracted and landed in a staging area and mapped to data changes; whereas the 

second phase process progression is computed to make it ready for populating in PW.  

(Radeschutz, 2010), on the other hand report that traditional warehousing approaches fail 

in answering the questions that require process data and operational data (the data 

generated by transactional system). These questions are useful for profound analysis that 

is necessary to discover additional optimization issues. In order to provide an integrated 

view of process and operational data, it presents an approach for matching the two types 

of data before populating PW. The matching relies on defining process variables and 

subsequent use of semantics for matching with operational data model. 

Other studies (Jeng, 2003; Castellanos, 2009) aim for reducing data latency and 

automation. Latency refers to the delay in transferring the data captured by operational 

source since last update in PW, and automation refers to the degree to which the transfer 

can take place without human interaction. Jeng (Jeng, 2003) argues that decision makers 

rely on exception-based analysis to identify opportunity for process improvement. 

However, that emergence of e-business requires rapid changes in business and immediate 

reaction to exceptions as they appear, for effectiveness of business operations. This 

requires up-to-date process data of running processes. To address that problem, (Jeng, 

2003) present an agent-based architecture is proposed for real-time data access for 

integrating workflow audit trail in near real-time that enables better monitoring of 

processes and facilitate instant response to process problems. (Castellanos, 2009) reassert 

the need for near-real time updates to PW and goes a step further to automate the process 

of populating a PW. The automation relies on the generic template language for 
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extracting business events from application environment in near real-time. Due to 

automation of mapping construction (Castellanos, 2009) is feasible for the enterprises, 

which run ad hoc processes as compared to (Jeng, 2003). 

 

PW Usage: It refers to the task of employing tools and technologies, such as OLAP, data 

mining etc., for using an implemented PW for process analysis. From the set of studies 

that use PW as their underlying technology for process analysis, several studies (Abonyi, 

2003; Mansmann, 2007; Mansmann, 2007a; Shahzad 2012; Shahzad, 2011; Grigori, 

2004; Tan, 2008) focus on the use of PW for process analysis. Among these studies, 

(Abonyi, 2003; Mansmann, 2007; Mansmann, 2007a) aim for visual analysis of PW 

data. (Abonyi, 2003), present visual analysis of process data as a part of a data driven 

methodology for improvement of production environment. The visualization represents 

data distribution and two dimensional projection of process variables in a production 

environment for understanding of process behavior. The plotted trajectories of 

production are useful in process monitoring and fault detection; however, the solution is 

specific for production environment. (Mansmann, 2007; Mansmann, 2007a) on the other 

hand, argue it is practically impossible to identify all analysis measures at design time 

and in traditional OLAP tools measures are pre-configures i.e. new measures cannot be 

defined if a new analysis requirement emerges at the time of analysis; which limits the 

analysis options of users. As an alternative, the studies present an interactive tool that 

enables runtime generation of measures specification. The definition of runtime 

specification is a three step process in which an aggregation function is chosen, 

specifying measure attributes and subsequently making choice between duplicate or 

distinct records. The visual analysis is useful for ad hoc processes such as surgical 

process. 

A subset of approaches (Shahzad, 2011; Shahzad, 2012) intends to assist process 

analysis by facilitating navigation of PW. The studies report that in the presence of large 

size of PW and due to the lack of approaches for their efficient use, business users can 

not navigate dimension to identify problem relevant data in an efficient way, and as a 

consequence fail in the process analysis task. It is because these users are accustomed to 

business perspective in the process analysis, and thereby far from the capability of 

directly utilizing low-level data contained in warehouse. To address this problem, they 

suggest employing business orientation in the design and usage of PW i.e. integrating 

goals with PW and use the goals to navigation PW. Goal-based navigation enhances the 

way business analysts (non-technical users, not familiar with PW technology) access and 

interprets PW data. An added advantage is retrieval of necessary and sufficient 

information for process analysis. 

A few efforts (Tan, 2007; Shahzad, 2012) intend to assist the task of process analysis 

by offering a usage method. According to (Shahzad, 2012), PW has been in existence for 

a while however it has not been widely adopted because a method that can guide usage 

of PW for analysis and thereby improvement of processes, does not exist. This limits the 

number of users who can make use of PW for the task of analyzing and thereafter 

improving processes. As a solution to that, the study present a method that can step-by-

step guide the task of process analysis to identify the performance goals that are not 

achieved, as a result of process execution. This facilitates diagnosing business and 
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process related weakness that causes a certain problem. (Tan, 2007), on the other hand 

present metric measurement models for six flows occurring within manufacturing 

processes. These flows serve as a basis for analysis based on reports for all types of 

flows. The flows are activity, information, resource, cost, cash and profit flow. (Shahzad, 

2012) on the other hand has presented a method that can step-by-step guide the task of 

process analysis, to identify the areas the performance goals that are not achieved, as a 

result of process execution. This facilitates diagnosing business and process related 

weakness that causes a certain problem. The advantage of (Shahzad, 2012) over (Tan, 

2007) is, the method is equally useful for users with limited of PW technology.  

(Castellanos, 2004; Grigori, 2004) on the other hand applies classical data mining 

techniques on top of PW for prediction of process performance. Table 6, summarizes the 

stages of PW lifecycle (labeled rows) and categories of approaches (labeled columns), 

whereas the values representing their corresponding studies. 

A couple of studies (Castellanos, 2004; Grigori, 2004) present techniques for 

intelligent analysis and prediction about process execution performance. Among them, 

(Grigori, 2004) advocate the need for a toolset that readily provides data mining facility 

to the users without any data mining expertise. As a step towards that, it focuses on 

introducing a set of integrated tools for monitoring, analyzing and prediction for 

managing process execution. The study presents a process mining engine on top of PW 

that implements data mining techniques such as decision trees for behavioral analysis of 

process execution and predicting process performance. In another study (Castellanos, 

2004), they extend their previous work, and aim for automating the entire data mining so 

that the functionality can be provided with little or no user input. Using the proposed 

concepts and techniques makes it possible to analyze and predict the execution behavior 

of process execution. 

Summary of Issues & Solutions: The approaches discussed above aim to address 

different issues concerning business process analysis and hence offer different features. 

A subset of approaches shares some common feature. Based on the surveyed, a set of key 

issues and solutions that needs to be considered for enhanced process analysis are 

summarized in Table 6. For a PW solution to be useful for process analysis, the 

specification of PW design should be generic and reusable to support analysis 

requirements of several version of a process. It can be made usable for a larger group of 

users, if its design is aligned with the needs of process analysis. However, some studies 

(Mansmann, 2007; Sturm, 2012; Mansmann, 2007a) advocate convergence between 

business process and PW specification; which is contrary to goal-driven design of PW. 

The benefit of using goal-driven PW design (see (Shahzad, 2012; Shahzad, 2011)) over 

process specification based PW design is, goals are integrated with PW and afterwards 

used for navigating PW. Populating PW should be an automated and with no latency for 

real-time monitoring of process. Regarding the use of PW, a few studies (Mansmann, 

2007; Mansmann, 2007a) advocate the definition of measures at runtime, whereas other 

studies (Shahzad, 2012; Shahzad, 2012; Grigori, 2004; Castellanos, 2004; Tan, 2007) 

aim to develop methods, tools and technologies for analyzing and predicting process 

performance with little user input. From the survey, it is concluded that (Shahzad, 2011; 

Shahzad 2011b; Shahzad 2012) collectively present a solution that address most of the 

issues listed in Table 6 and offers substantial features concerning the use of PW for the 

task of process analysis.  
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Stages Key Issues Solutions References 

PW 
Design 

Enterprises can have different versions 
of the same process with variation in 
analysis requirements.  

Generic and reusable 
PW design 

(Casati, 2007) 

Warehousing solutions do not employ 
business-orientation in the design of 
PW, which limits the number of users 
who can exploit the potential of PW. 

Goal-driven design of 
PW 

(Shahzad, 
2011; 
Shahzad, 
2012) 

The size of PW is large and approaches 
for their efficient use are scarce which 
limits the users who can use PW for 
process analysis.  

PW design should to 
be aligned with need 
of process analysis 

(Shahzad, 
2012; 
Shahzad, 
2011; 
Niedrite, 
2007) 

Due to lack of convergence between 
business process and PW specification it 
cannot be determined what elements of a 
process should be analyzed to enhance 
process performance.  

Utilize process 
specification for 
generating PW design  

(Mansmann, 
2007; Sturm, 
2011; 
Mansmann, 
2007a) 

Popula-
-ting 
PW 

Warehousing solutions fail in answering 
the question which requires a profound 
analysis that is necessary to discover 
additional optimization issues.  

Integrated view of 
process and 
operational data 

(Radeschutz, 
2010) 

The emergence of e-business requires 
immediate response to exception as they 
appear. This requires real-time 
monitoring of processes 

Automation in 
populating warehouse 
and  reducing latency 

(Jeng, 2003; 
Castellanos, 
2009) 

Using 
PW 

Existing OLAP solutions limits the 
scope of analysis because the measures 
are preconfigured in them.  

Flexibility to add 
measures at run time 

(Mansmann, 
2007; 
Mansmann, 
2007a) 

Business users cannot navigate PW to 
identify the problem related data in an 
efficient way.  

Goal-driven PW 
navigation 

(Shahzad, 
2011; 
Shahzad, 
2012) 

Business users cannot use PW for the 
task of analyzing and improving 
business processes. 

A method to guide 
process analysis and 
improvement 

(Tan, 2007; 
Shahzad, 
2012) 

Business users cannot use data mining 
techniques for predicting process 
performance. 

Automated data 
mining with little 
input from users 

(Grigori, 
2004; 
Castellanos, 
2004) 

Table. 6: Summary of PW based process analysis approaches 

2.2.2. Process Mining based Approaches 

The traces produced as a result of execution of a process also serves as an enabler for 

process mining. Process Mining (PM) concentrates on business processes, to make it 

possible to look inside the process at different levels of abstraction (Song, 2007). It is 

used to depict the reality and enables analyzing the behavior of process execution to 

identify casual dependences and bottlenecks (van der Aalst, 2008).   

To further develop the taxonomy, the procedure of grouping the studies based on 

common features, was repeated for Process Mining (PM) based approaches. During the 

review it is observed that the focus of approaches generally falls into two sub-areas, 

separated by horizontal lines in the Figure 7. The sub-categories correspond to the two 
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stages in process mining that are, preparing data for process mining called pre-processing 

and applying process mining. However, the classes are not mutually exclusive in all 

cases meaning that some studies perform pre-processing of data before applying process 

mining.  
 

 
 
 
 

 

 

Figure 7: Classification of PM based process analysis approaches 

Data Pre-processing: Some studies (Khan, 2009; Rebuge, 2012; Dustdar, 2005; Gunther, 

2006; Jablonski, 2009) focus on the preparing data for process mining, depending upon 

the type and format of the input data, as shown in Figure 7. Most of these studies (Khan, 

2009; Rebuge, 2012; Dustdar, 2005; Gunther, 2006), aim to convert format of input data 

to a generic XML-based format, that is specially developed for process mining. The 

format called, Mining XML (MXML), is suitable for storing log data necessary for 

performing process mining (Gunther, 2006). While (Rebuge, 2012), has presented log 

preparation as a first step of in its mining based process analysis methodology, (Khan, 

2009) presented a generic framework for extracting process data from heterogeneous 

environments and converting it to MXML format because of their application specific 

formats. (Dustdar, 2005) briefly discusses the conversion of ad-hoc processes' logs to 

MXML format and describe the conversion of logs generated from Caramba - a process 

ware collaborative system; whereas for mining change logs in adaptive processes, 

(Gunther, 2006) defines mapped of change logs to MXML format. In contrast to the 

above, (Jablonski, 2009) discusses enriching process data by adding business benefit 

data and process structure data and defining performance classes such as poor, good 

excellent etc. The enriched information is afterwards used for evaluating success of 

process in terms of agent performance. 

 

Mining Processes: From the 27 studies about process mining, there are four basic types 

of process mining that uses event log as an input, process discovery, additional 

perspectives, conformance checking and enhancement. This classification has been 

acknowledged by a number of existing studies (van der Aalst, 2011). However, in this 

study we further develop the taxonomy.  

Process discovery takes event log as an input and produces a process model to 

represent the real execution behavior of a process.  A number of studies aim for process 

discovery. Among these studies (Aihua, 2009) simply aim to construct process model by 

apply α-algorithm, whereas (Podorozhny, 2007) uses domain knowledge and business 

rules and few traces of to learn from processes to construct process model. Similarly, 

(Ihaddedene, 2008) discover process model using event log along with additional 

properties of tasks. (Gaaloul, 2006) first aim for discovering workflow patterns and 

iteratively discover the workflow model.  

(Blum, 2008) uses statistical in particular probabilistic approaches to generate process 

models at different levels of details. Similarly, (Dongen, 2010) advocate that domain 
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experts do not understand the output of mining techniques because data in event logs are 

logged at different same level of abstraction. Therefore, proposed a clustering algorithm 

is proposed to derive a model, with limited nodes and edges, from an event log. There 

are cases in which control flow between activities cannot be modeled and propose trace 

alignment and subsequently clustering based approach for process discovery in advance 

i.e. it occur at runtime. These processes are called ad-hoc processes or highly dynamic 

processes. To overcome this problem (Dustdar, 2005) proposes a process discovery 

technique for ad-hoc processes. (Bose, 2012) focus on problems in dealing with less 

structured process. (Gunther, 2006) focuses on adaptive processes and develops 

techniques for utilizing process and changes log to discover changes in a process, in 

order to provide an aggregated overview of all changes that happened. (Gaaloul, 2009) 

also detects changes in processes to detect and correct design errors and reactive design 

to correct transactional behavior. (Rozinat, 2009) present simulation systems that merges 

historic and state information to accurately predict potential near-future behavior. (Ellis, 

2006) attempts to overcome the hidden assumption that activities labels are known a 

priori. Similarly, (Buffett, 2010) goes beyond discovery and aim to improve the accuracy 

of process mining in scenarios where the identification of task labels for log events is 

uncertain.  

 

Conformance checking compares modeled behavior of a process with the observed 

behavior to identify similarity and differences between the models (van der Aalst, 2011). 

A starting point for conformance is both explicit process model that describe process 

model should be executed and event log that give insight on how it was actually carried 

out. From the studies on process mining (Gaaloul, 2009; van der Aalst, 2008; 

Adriansyah, 2011) intend conformance checking. Among these studies (Gaaloul, 2009), 

particularly focus on transactional behavior analysis using mined results from logs. It 

uses process mining techniques to detect process changes during the execution which can 

reflect process evolution. (Adriansyah, 2011) present a robust replay analysis technique 

that is able to measure the conformance of an event log for a given process model and 

focuses on fitness dimension of conformance, whereas (van der Aalst, 2008) focus on 

conformance checking with respect to fitness and appropriateness.   

 

Event logs contain large amount of information, whereas process discovery techniques 

that are based on process mining mainly focuses on control-flow perspectives. There are 

approaches that aim for mining additional perspectives, such as organizational 

perspectives and temporal perspectives. From the studies, (Dustdar, 2005; Ellis, 2006; 

Rozinat, 2009a; Berlingerio, 2009; Duan, 2009; Rebuge, 2012) employ process mining 

for additional perspectives. (Dustdar, 2005) focus on ad-hoc process - the processes 

where control flow cannot be modeled in advance and aim for mining organizational 

perspective and social network analysis. (Rebuge, 2012) focuses on ad hoc and complex 

processes, in particular clinical workflows and present a methodology for control flow, 

performance and organizational analysis. (Ellis, 2006; Rozinat, 2009a) also goes beyond 

control flow to encompass other perspectives such as social, organizational, and activity 

perspectives. Other approaches (Berlingerio, 2009; Duan, 2009; Ihaddedene, 2008) 

extensively take into consideration time information to discover structural and temporal 
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model to detect abnormal execution that cannot be identify by classical process mining 

approaches and improve quality of processes.  

 

Enhancement is extending, improving or repairing an existing process model to modify 

the model in order to better reflect the reality (van der Aalst, 2011). From the included 

studies (Liu, 2012; Jablonski, 2009; Gaaloul, 2009; Rozinat, 2009a; Weber, 2006) aim 

for enhancing process models in several ways including changes in process structure and 

assigning appropriate resources. Among these approaches (Weber, 2006; Gaaloul, 2009; 

Rozinat, 2009a) introduce process mining techniques for adaptation to changes that may 

occur during process execution through log analysis ensuring reliable execution. 

(Jablonski, 2009) focuses on observing performance of agents and using that information 

for most appropriate assignment of agents to tasks. (Liu, 2012) goes beyond agent 

assignment and present techniques for teamwork performance, suitable resource 

allocation and personal performances.  

2.2.3. Process Monitoring Approaches 

The traces produced as result of execution of processes also serve as an enabler for 

monitoring of processes at run time. Monitoring approaches (Aihua, 2009; Geppert, 

1997; Muehlen, 2000; Gonzalez; Pedrinaci, 2008; Janiesch, 2011) support monitoring of 

execution behavioral and results of currently running processes belong to this category of 

approaches. To further develop the taxonomy, the procedure of grouping the studies 

based on common features, was repeated for this category of approaches. It is observed 

there are three mutually exclusive sub-categories, reporting and querying services, 

monitoring language and business activity monitoring as shown below in Figure 8. A 

further discussion of each sub-category is presented below. 
 
 
 
 
 

Figure 8: Classification of process monitoring approaches 

Reporting & querying services include the studies (Aihua, 2009; Geppert, 1997; 

Muehlen, 2000) that offer statistical reports and querying for analyzing process data. 

Among these approaches, (Aihua, 2009) develop a toolset specific for manufacturing 

systems that offers statistics of process data for creating process charts in order to 

analyze process performance. (Muehlen, 2000) on the other hand, develop a toolset in 

which various statistical techniques can be used for process analysis. It offers to analyze 

process data with target data from modeling tools in terms of three perspectives, process 

and functions, involved resources and process objects. In contrast to the above, (Geppert, 

1997) present a design of query services for analyzing process data.  

Monitoring language is a high specification that facilitates monitoring and analysis of 

processes. (Gonzalez, 2009) present a domain specific language that offers a declarative 

specification to define the concerns associated with target process i.e. it describe what 

are the analysis concerns instead of how it is implemented. 

Business activity monitoring supports analysis of processes at runtime to identify 

bottlenecks in the process execution. Between the two studies that fall in this sub-
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category, (Janiesch, 2011) present an architecture for event-driven activity monitoring 

for flexibility in monitoring of process execution. (Pedrinaci, 2008) extends activity 

monitoring by extensive of semantic technology to, drive business level knowledge from 

low-level details in order to facilitate domain experts and to achieve automation required 

by business. 

In the preceding section, classification of business process analysis approaches is 

presented. Accordingly, to the classification, there are three major categories of process 

analysis approaches, based on the underlying technology. The two major categories are 

PW based approaches and PM based approaches. PW based approaches differ from PM 

based approaches in the following ways: 

• PW based approaches corresponds to three stages in the data warehouse lifecycle, PW 

design, populating and usage. Design refers to the specification of PW content, 

populating refers to the preparation of data and loading it into PW, and usage refers to 

the task of employing tools and technologies (such as OLAP, data mining etc.) for 

performance analysis of processes. In contrast to PW, PM based approaches 

corresponds to two stages in its lifecycle, pre-processing and mining processes. In the 

pre-processing the type and format of input data is converted to make it compatible 

with the standard PM data format, and in mining processes techniques are employed 

for process discovery and conference checking etc. 

• PW based approaches enable quantitative performance analysis of processes such as 

number of instances executed per unit time and number of successful execution. In 

contrast to PW, PM based approaches discover process models and additional 

perspectives (like social network) of process models. Subsequently, the discovered 

process models are used for conformance checking.  

• PW is a logical repository of organization's transactional and operational data that can 

serve as a valuable input for PM (van der Aalst, 2011) and data mining (Castellanos, 

2004), and PM output is not valuable for PW. 

• PW based tools enables manual analysis process performance, whereas PM based tools 

have a higher level of intelligence and it enables discovering processes without human 

interaction. 
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3. Process Warehouse-based Performance 
Analysis Approaches 

In the preceding chapter a comprehensive taxonomy for the performance analysis 

approaches, that are collected through a structured literature review, is presented. In this 

chapter, the focus is set on studying Process Warehouse (PW) based approaches - a type 

of performance analysis approaches. The interest in the use of PW for performance 

analysis of processes has increased over the years, because it captures historical data 

about process execution, simplifies process analysis and speeds up analysis queries. As a 

result, a number of efforts have been made, focusing on presenting PW design 

specification and developing approaches, tools and technologies for performance 

analysis, as discussed in the previous chapter. Among these, PW design potentially has 

significant impact on the analyses that it supports. For instance, if the design is not 

complete or its data model cannot capture data at the level of detail that is consistent with 

business needs, the user is likely to miss the support for important analyses that are 

needed to understand certain phenomena in process execution. Therefore, the aim of this 

chapter is to compare and evaluate existing PW design proposals. For doing that, we first 

present theoretical foundations for design considerations of warehouse, which serve as a 

basis for development of an evaluation framework. Subsequently, the framework is used 

for evaluation and comparison of PW design proposals, collected through a literature 

survey. 

3.1. Process Warehousing Fundamentals 
Business  Process  Management  Systems  (BPMSs)  support  the  definition,  execution,  

and tracking of  processes by logging information about process execution (Grigori, 

2004). The logged information includes starting time, completion time, input and output 

data, agents that execute the process and status of processes. Proper analysis of this rich 

data source and taking appropriate measures can help improve execution quality of 

processes. According to (Muehlen, 2010), there are three reasons for measuring and 

analyzing processes, to evaluate what happened in the past, to understand what is 

happening at the moment and to develop understanding what might happen in future. 

However, BPMS logs store histories only for a few months, and analyzing execution data 

over time requires large volumes of historical data (Quirchmayr, 2001).  An alternative 

to that is the use of Process Warehouse (PW), which is defined as a separate read-only 

database that is used as a foundation of a process-orientation decision support system 

with the aim to analyze and improve processes continuously (List, 2000; Quirchmayr, 

2001). A number of studies (Grigori, 2001; List, 2002; Quirchmayr, 2001) have 

advocated the use of PW due to the following reasons:  

• BPMSs store logs only for a few months, whereas PW is non-volatile i.e. the data 

that is committed is never deleted. Therefore, PW contains a large volume of 

historical data that is useful for analysis. 

• PW is a separate read-only database that can avoid any effect on the performance of 

operational BPMS, even in the presence of queries with complex aggregation 

operations. 
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• PW simplifies and speeds up queries due to data pre-processing before populating 

PW, which suits the needs of analysis. 

• PW offers comprehensive information about business processes execution very 

quickly and at various aggregation levels. 

• Data originating from other sources such as organizational or operational data can be 

integrated with process data before populating PW. 

 

PW is central to several commercial as well as in-house tools such as ARIS process 

performance manager (Softwareag, 2011) and HP Process Cockpit (Castellanos, 2004), 

respectively. While there are a number of studies that discuss the use of PW, some of 

them (Perez, 2008; Tan, 2008; Castellanos, 2004; Mutshcler, 2005) propose to load data 

from process logs only, whereas others discuss the integration of data from multiple 

sources and loading it in PW. The quantifiable data that can be extracted from process 

logs in order to store it in PW has been classified into three types (Mutshcler, 2005) 

process time (start and completion time, execution duration, idle time), process resource 

(resources needed for execution e.g. actors, input and output data, size of work queues of 

resources), and process quality (percentage of failed, successful processes/activities, 

percentage of processes/activities missing quality of service). Other studies such as 

(Brandt, 2006) has suggested the integration of processes and products for storing in PW 

and (Radeschutz; 2008; Niedermann, 2010) discuss the theories and tools for integrating 

operational and process data for process warehouse for deeper process analysis.  

A number of studies such as (Castellanos, 2004; Sayal, 2002; Tan, 2006; Markus, 

2008; Schiefer, 2003) has presented PW as a part of business process intelligence toolset 

to support monitoring, analysis and management of running processes. Similarly, (Tan, 

2008) has argued that it is convenient to have PW for executing data mining algorithms, 

in order to understand the causes of specific behaviors, predict behavior and performance 

of a process instance, the activities and the resources (Li, 2008). 

PW design is the process of producing a multidimensional data model that can support 

analytical tasks of an enterprise. From the definition, it can be observed that the two 

silent features of a PW design are, data model and the process of producing a data model 

also called methodology. The conceptual representation of the PW design as a concept is 

shown below in Figure 9 as a UML model, followed by a description of each feature. 

 

 

 

 

 

 

Figure 9: PW design as a concept 

 

Methodology: Methodology is generally a guideline for solving a problem, with specific 

components such as phases, tasks, methods, techniques and tools (Robson, 1997; Klein, 

2001). For PW design, a methodology is a step-by-step procedure to derive PW structure 

(PW description). The main purposes of methodology are, to ensure that information 

requirements are gathered and possibly a complete design of PW is produced. The 
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methodologies for PW design can fall into one of the three groups, data-driven, user-

driven and goal driven. A comparison of these methodologies conducted by List et al. 

(List, 2002) has concluded the following about these methodologies. User-driven 

methodology must be avoided because, the derived measures, dimensions and level of 

granularity reflect organizational level of involved people are very unstable. Data driven 

methodologies can be seen at lower level of details of the goal-driven development 

methodology and it is recommended for mining and data exploration purposes. Also 

these methodologies are complementary and are beneficial when used in parallel.  

From the findings, it can be concluded that the choice of design methodology can have 

a significant effect on the performance of PW. If an appropriate methodology is not 

chosen, the derived data model may miss analytical requirements and therefore may not 

bring any value to users.  

 

Data Model: A data model is defined as "an integrated collection for describing and 

manipulating data, relationships between data, and constraints on the data in an 

organization" (Connolly 2005, pp. 45). In the context of PW, it is also called PW 

description or PW structure. The two main purposes of data model are, a) to provide 

basic concepts and notations that will assist in accurate understanding of meaning of the 

data, b) to facilitate communication between designers and end-users about the 

information needs. A data model is central to PW design and potentially has significant 

impact on usability and performance of warehouse. 

There are two types of competing data models that can be used for warehouse, 

relational and multidimensional (data) model (Corral, 2006). Relational model has a key 

feature of avoiding data redundancy and thereby maintaining data integrity through 

normalization. It is therefore useful for operational needs of enterprise, where changes 

(insert, update, delete) to data are very frequent. In contrast, content of a warehouse are 

not frequently updated and it aims for greater efficiency of queries, which is achieved 

through de-normalization and represented as a multidimensional space in 

multidimensional model. Ponniah (Ponniah, pp. 351) has advocated that 

multidimensional (data) model is intuitively analytical, easy to use and it conforms to 

how the users perceive business problems.  This indicates the superior suitability of 

multidimensional model for warehouse over relational model. 

Multidimensional model categorizes data as facts and dimensions (Mansmann, 2007; 

Mora, 2006). A fact is an item of interest and it is described through numeric attributes, 

called measures and dimension describes the context in which a fact is analyzed captured 

as descriptive content. A number of studies like (Prat, 2006; Corral, 2006; Mazon, 2009) 

argued that multidimensional model, a) determines how the data are stored for in data 

warehouse for subsequent use, b) offers a subject-oriented view that is closest to the way 

of thinking of human analysts, c) is inherently more understandable, d) offers users a 

single view of data warehouse via analysis tools. Consequently, multidimensional model 

is central to warehouse design and potentially has significant impact on usability and 

performance of warehouse. If the multidimensional model is not easily understandable, 

the cognitive effort required to interpret the extracted information may increase to a level 

that it may not bring any value to users (Muehlen, 2010).  

From the discussion, we conclude that in order to evaluate and compare PW design, it 

is essential to evaluate and compare data model as well as the methodology used for 
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producing the data model. To the best of our knowledge, efforts to evaluate data model 

as well as the methodology used to produce the model are scarce. There are some studies 

such as (List, 2002), but the scope of these studies is limited to comparison of 

development methodologies i.e. the data model is not compared. Other studies partly 

include some sort of evaluation with the help of example queries, but a comprehensive 

evaluation of the design proposals is still missing. One possible reason is that a generic 

framework that serves as the basis of the evaluation is missing. Therefore, in the next 

section we first present theoretical foundations for design considerations of warehouse, 

which serve as a basis for development of an evaluation framework presented in Section 

3.3. Subsequently, the framework is used for evaluation and comparison of the PW 

design proposals, collected through a literature survey. 

3.2. PW Design Considerations: Theoretical Foundation 
As discussed earlier, a comprehensive comparison of the existing design proposals 

cannot be done because a generic framework that serves as the basis of the evaluation is 

missing. Therefore, in this section the two dimensions that we consider relevant to the 

PW design are presented. These dimensions serve as a basis for developing our 

evaluation framework that is later used for comparison and evaluation of existing PW 

design proposals. These are process design framework and PW design factors. The 

design framework is considered because it describes the common perspectives that a 

process model can have. PW design factors are the factors that can influence PW design, 

such as level of detail and the modeling notations. The details of these dimensions are as 

follows: 

3.2.1. Process Design Framework 

A business process has been defined in several ways; however, the underlying concept is, 

a business process has a set of activities that are executed in a specific ordered to achieve 

a business goal. (Curtis, 1992) introduced four perspectives to design a process model in 

order to obtain a complete, i.e. explorative process model. These are: organizational 

perspective, functional perspective, informational perspective, and behavioral 

perspective.  A brief description of each perspective is as follows: 

a) Functional perspective: The perspective considers how a process is decomposed, 

i.e. what activities are to be executed. Activities can be either atomic, or composite. 

Functionality of an activity is defined by its name, which uniquely identifies the goal of 

the activity. 

b) Informational perspective: The perspective regards the resources manipulated in a 

process. A resource can be either traditional, such as a product, or service, or 

informational, such as data and artifacts. A resource is consumed or produced by an 

atomic process activity. 

c) Organizational perspective: This perspective describes the distribution of the 

responsibility for executing process activities. The main focus here is on the notion of the 

actor. An actor can be an organization unit, a human or a software system that is 

responsible for performing one or more activities. It is this perspective that is used to 

dedicate and control responsibilities of parties engaged in a process. 
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d) Behavioral perspective: This perspective concerns the flows of data and activities 

within a process; where the former flow describes the flow of information between 

activities and the later flow describes the activities to be executed in relation to others. 

For describing the execution order of activities three basic control flow constructs are 

used: sequence, parallel execution and conditional branching.  

3.2.2. Factors affecting PW design 

The three abstraction levels, recommended by ANSI-SPARC are widely accepted as a 

sound framework to guide designing operational databases (Prat, 2006; Hick, 2003). The 

levels are conceptual, logical and physical. The model at conceptual level describes the 

scope of real world case in a tool independent formalism like entity-relationship model 

and is user understandable (Batini, 1992). It comprises of entities, relationships, 

attributes and keys. Logical level construct a model of the data depending on the kind of 

database management system (DBMS) for example relational, but it is independent of a 

particular DBMS and is user understandable (Connolly 2005, pp.272). It comprises of 

tables, attributes, their relationships and keys. Physical level is a description of 

implementation of databases on secondary storage, depending on the DBMS used for 

implementation. It comprises of file organization and indexes etc. 

(Golfarelli, 1998; Golfarelli, 1998a) presented a methodological framework for 

warehouse design, which involves conceptual, logical and physical design phases, 

demonstrating the applicability of the three level framework for warehouse design. (Prat, 

2006) further emphasized the use of the three phases in warehouse design and introduced 

a UML-based method for designing data warehouse that spans conceptual, logical and 

physical level. In order to present a model at each level a finite set of concepts and 

possible set of relationships between them are used. The concepts that are modeled may 

vary depending upon the adopted design methodology.  

There are two ways of representing a data model, using graphical notations and 

mathematical formalism. Graphical notations are a set of visual notations, one for each 

concept. As discussed earlier a data model has a finite set of concepts having 

relationships between them therefore the set of graphical notations are possible and 

finite. Mathematical formalism, on the other hand has mathematical symbols to refer to 

each element. Graphical form is more understandable because it is composed of visual 

notations that are essentially easy to comprehend; on the other hand, with the 

mathematical formalism it is easy to define operations, for example aggregate operations. 

As the main purposes of data modeling are to assist in accurate understanding of 

meaning of the data and facilitate communication between designers and end-users. 

Therefore, data models are usually created and presented using graphical notations. 

The impact of graphical notation on understanding of a graph has been studied in 

literature. (Agarwal, 1999) has discovered that notations with different focus have a 

significant impact on understanding. Also (Reijers, 2011) studied a number of factors 

that can influence the understandability of graphical notations and concluded that in the 

presence of different set of notations it cannot be ruled out that some of them are 

inherently more suitable to convey meaning to people than others. A similar study (Patig, 

2006) was conducted on the comparison of Star Schema diagrams - a form of data model 

for warehouse and Entity-Relationship diagrams. The results of the study strongly 
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suggest that dimensional diagrams are inherently more understandable than entity 

relationship diagrams. The implication is that warehouse built using Star Schemas will 

serve as a support tools for decision support. Users of the warehouse can leverage their 

intuitive understanding of the structure of the Star Schema to query the database directly. 

Also, this can reduce the reliance on users. This indicates that the choice of notations 

used in data model is important and should not be ignored due it can affect on 

understanding.  

A warehouse design process is crucial and should be supported by an appropriate 

method. A design method is essential not only to ensure the data warehouse quality, but 

also to facilitate its frequent evolutions imposed by the environment or the decision 

makers' changing requirements (Prat, 2006). A comparison of methodologies for PW has 

been done by (List, 2002). The comparison shows that a methodology is superior than 

another methodology in terms of producing the design of process warehouse and as a 

result can influence decision makers. 

3.3. A Framework for PW Design Evaluation 
In this section, we develop a framework for evaluation and comparison of PW design 

proposals, by taking into consideration the discussion on theoretical foundations (see 

preceding section). The aim of the framework is to identify the specific areas (referred to 

as components in the framework) that should be considered in the evaluation and 

comparison of PW design. The components consist of criteria that capture the generic 

features of a data warehouse design as well as the features specific for PW. The chosen 

criteria are primarily grounded into the conceptual foundations discussed in the 

preceding section. Additionally, suitable criteria are chosen by surveying existing efforts 

on comparison done within the domain of process and information modeling.  

The components of the framework, presented in Figure 10 are classified into design 

components and capabilities components based on the type of component. Design 

components are the ones that cover the process of creating a design (called methodology) 

as well as the output of the design process (called multidimensional model). These are 

the ones related to generic features of data warehouse design. Capability components are 

the ones that cover the features related to capabilities of design to support the analysis 

requirements of enterprise. These are the ones related to features specific of PW.  

The capabilities components are related with design components in the sense that 

together all the design components offer the capabilities represented in capability 

components (except data type stored). For example, Goals should be available during 

design time at all three levels (conceptual, logical, and physical); goal concepts should be 

modeled and modeling notations for goal should also be available. 

In the remaining part of this section, we describe each component, justify the need for 

each component by backward referencing i.e. referring to the factors that influence the 

warehouse design as well as existing literature. Wherever possible we define 

elements/concrete parameters of each component and a possible set of values of each 

element.  
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Figure 10: The Evaluation Framework 

3.3.1. Design Components 

The design components are, level of design, modeled concepts, modeling notation and 

design methodology. These elements originate from the factors that affect the warehouse 

design discussed in an earlier section. In Figure 10, three elements of level of design (a 

component) are presented to represent that each level of design has some concepts that 

are modeled, notations used to represent these concepts and a methodology is used to 

develop the design. The details of each design component are as follows: 

I. Design Methodology 

A design component related to the procedure of generating PW structure - called 

multidimensional model. As discussed in the theoretical foundation, design process is 

crucial and should be supported by an appropriate method. A design method is essential 

to ensure that business requirements are not overlooked, and also to facilitate frequent 

evolutions imposed by the environment.  

The parameters for this component are basic approach and methodology employed. 

The basic approach defines the strategy of examining enterprise for to produce PW 

design. The possible values of this parameter are top-down, bottom-up or hybrid, as 

defined by (Ponniah, 2001). The methodology employed defines the type of methodology 

used for PW design. The possible types of methodologies are data-driven, user-driven 

and goal driven (List, 2002). 

II. Level of Design 

The design component is related to the output of a design process called 

multidimensional model. This component describes the level of database at which the 

structure of the database is described. This component is about completion of the design 

i.e. in order for a design to be complete it is required to be designed at three levels, as 

discussed in the theoretical foundation section.  

The parameters for this component are, conceptual level, logical level and physical 

level. The possible values of all the parameters are 'yes', 'no', and 'not considered'. The 

value of a parameter is 'yes' if the presented multidimensional model is described at the 

specific level, 'no' if the model is not described at the specific level, and 'not considered' 

if there is no explicit claim about the use of the levels.  

III. Modeled Concepts 
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A design component related to the concepts used in the output of the design process, 

called PW structure or multidimensional model. This component describes the concepts 

used to structure the described database. This component is about difference in elements 

of the design i.e. a multidimensional model should have the fundament elements such as 

dimensions, facts, time variation etc. As discussed in the theoretical foundation part, the 

concepts that are modeled may vary depending upon the adopted design methodology. 

For the evaluation of this component instead of defining parameters we rely on the 

use of metamodel for evaluation and comparison, because a metamodel represent the 

complete set of concepts and their possible relationships. (Söderström, 2002) has argued 

that a metamodel provides a graphical illustration of the basic concepts and their 

relations, which makes the comparison easier. Also, other studies like (Korherr, 2008) 

have focused on comparison of process modeling languages based on metamodel. The 

metamodel of a warehouse is presented in Figure 11. 

 

Figure 11:Warehouse Metamodel 

IV. Modeling Notation 

A design component related to the notations used to model the output of the design 

process called multidimensional model. This component describes the representation of 

the structure of the database. As discussed in the theoretical foundation, different 

modeling notations has different capabilities and sometime different semantic meanings 

and thereby can have impact on understanding of users.  

This component is a parameter itself and its value is name of the set of notations used 

to represent the multidimensional model. There are no notations specific for PW 

however, there are a number of notations for representing data warehouse. Since, process 

warehouse is a special type of warehouse so the notations of data warehouse can also be 

used to represent PW design. Example of some of the notations are ADAPT (List, 2002) 

UML and Dimensional Fact Model (Golfarelli, 1998).  

3.3.2. Capabilities Components 

The capabilities components are, data stored, goal support and analyses supported. The 

components primarily originate from the process design framework presented in Section 

3.2.1. Additionally, the components are chosen from literature by surveying existing 
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efforts on the process analyses. The details of each capabilities component are as 

follows: 

I. The Analyses Supported 

This component is related to the capabilities offered by the multidimensional model. It 

originates from the process design framework presented in Section 3.2.1 due to the 

reason that, if the four design perspectives typically exist in a process it should be 

analyzed from these perspectives. These perspectives are functional, behavioral, 

organizational and informational. Here, we define the perspectives and a set of 

parameters (formally analysis parameters), for each perspective. In order to support a 

perspective, an approach must fulfill the requirements of the analysis parameters, 

represented as questions below. Mainly, the analysis parameters are elicited from the 

generic meta-model of business processes (List, 2006) that captures multiple 

perspectives of a business process. 

The value of all parameters is represented on a scale, where the possible values are as 

follows: 'emphasized', 'included', 'considered', 'ignored' or 'no information'. The values 

are based on the answers of questions presented below. The value of a parameter is 

marked,  

− emphasized, if the analysis parameter is the focus of the approach i.e. all the 

questions defined for the parameter can be answered. 

− included, if the analysis parameter is covered by the approach, i.e. one to two 

questions defined for the parameter cannot be answered. 

− considered, if either some aspects of the analysis parameters are present directly or 

some aspects are not conceived i.e. only one question defined for the parameter can 

be answered. 

− ignored, if the analysis parameter is not supported i.e. all the questions defined for 

the parameter cannot be answered.  

Below, we define the perspectives and analysis parameters. 

Functional Perspective. This perspective represents ‘what’ elements of a process are 

executed and flows of entities relevant to these process elements (Curtis, 1992). For 

studying functional perspective PW should support the following analysis parameters, a) 

Activity analysis, this analysis answers questions concerning performance and execution 

of activities. To support activity analysis, PW should answer the following questions, 

which activities are executed, which are failed, which activities are not executed. This 

parameter checks whether activities analysis can be done by a PW or not. b) Flows of 

informational entities, to support this analysis PW should answer the following 

questions, what information flows between elements of a process and which elements are 

involved in the flows (List, 2006). c) Sub process analysis, to support this analysis PW 

should answer the following questions, how a process is decomposed and collectively 

how the sub process work together to achieve a single goal.  

Behavioral Perspective. This perspective represents ‘when’ and ‘how’ elements of a 

process are performed and their execution within the process (Curtis, 1992). For studying 

the behavioral perspective, a process warehouse should support the following, a) 

Execution order analysis, to support this analysis PW should answer the following 

questions, which elements can be executed in series or in parallel etc. b) Cycle time 
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analysis, to support this analysis PW should answer the following questions: amount of 

time consumed by each process, start time and stop time of a process. c) Anomalous 

behavior analysis, to support this analysis PW should answer the following questions, 

anomalies in execution of a process, d) Path analysis, to support this analysis PW should 

answer the following questions: which path is followed in parallel flows against an event, 

e) Deadline analysis, to support this analysis PW should answer the following questions: 

how many time deadlocks were occurred during process execution.  

Organizational Perspective. This perspective represents ‘where’ and ‘by whom’ 

process elements are performed and presence or absence of resource triggers a task 

(Curtis, 1992). For studying the organizational perspective, the following analysis must 

be supported: a) Resource analysis, to support this analysis PW should answer the 

following questions: which resources are available, which resources are consumed. b) 

Organizational unit analysis, to support this analysis PW should answer the following 

questions, which organizational unit is associated with the processes. c) Participant 

analysis, to support this analysis PW should answer the following questions, the amount 

of participants associated with a process and the number of processes associated with a 

participants, d) Software or service analysis, to support this analysis PW should answer 

the following questions: the software associated with a process and the role of each 

software in a process.  

Informational Perspective. This perspective is about data imparted, consumed and 

produced by elements of a process. Also it is about informational entities produced or 

manipulated by a process, structure of information entities and relationships among them 

(Curtis, 1992). For studying informational perspective the following analyses must be 

supported: a) Input analysis, to support this analysis PW should answer the following 

questions: the amount of input required to trigger a process, b) Consumption analysis, to 

support this analysis PW should answer the following questions: the resources consumed 

during a process execution, c) Output analysis, to support this analysis PW should 

answer the following questions: the number of times a process was successfully 

executed. 

II. Goal Support 

The analysis perspectives presented earlier do not capture important aspects of process 

analysis like goals, and goals have been extensively emphasized by a number of 

researchers' as an important perspective (List, 2006; Soffer, 2004; Soffer, 2005). For that 

reason, the goal support component is also added to the list of components. The 

parameters for this component are the following: goal consideration at design time and 

goal-based analysis. The possible values of consideration at design time are 'yes' and 

'no'. The value of goal consideration at design time is 'yes' if the goals are considered 

during the design process, 'no' if the goals are not consider during the design process. 

The possible values of goal-based analysis are 'yes' and 'no'. The value of goal inclusion 

is 'yes' if the goals can be used to analyze process and 'no' if it is not possible to analyze 

process based on goals. 

III. Data Stored 
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The analyses supported by a PW depends upon the data stored i.e. the PW design itself 

does not bring value; value comes from the use of data in the warehouse (List, 2002). 

Due to that, the data stored component is added. The component is a parameter itself and 

its value is the type of data stored in it. It could be from the data extracted and 

transformed from event log alone, event log as well as from operational database or from 

other sources. 

3.4. Existing PW Design Proposals 
In this study, we have evaluated a number of process warehousing approaches that can be 

used for process performance analysis and improvement. The choice of these approaches 

is in accordance with the literature review guidelines, presented in the preceding chapter. 

We employ a structure procedure for choosing the studies to be considered i.e. a broad 

search strategy using free text to identify a large set of studies and subsequently choose 

the ones that are relevant. The search strings and sources list used for searching articles 

are presented in Table 7. 

 

Search Strings Process warehouse, data warehouse for business processes, 
process analysis, designing process warehouse, data warehouse for 
workflows, workflow analysis and designing multidimensional 
schema for business processes 

Source List IEEE, Sciencedirect, ACM, Springer 

Table. 7: Search string and source list 

As per the guidelines, a three step systematic procedure for assessment of articles is used, 

where an explicitly defined inclusion and exclusion criteria, is used for relevance 

screening. The steps (Grimshaw, 2003; Kitchenham, 2004; Walia, 2009; Vanwersch, 

2011; Mistiaen, 2007), use title to eliminate the studies that are clearly unrelated, use 

abstract to eliminate the studies that are not related to the research focus, and use full text 

to eliminate the studies that do not fulfill the inclusion criteria of relevance screening. 

The inclusion and exclusion criteria used for relevance screening are presented in Table 

8.  
Inclusion criteria formulated as checklist items 

1. The full text of the article is written in English language. 
2. The studies that focus on developing/ proposing tools or technologies that support 

analysis of process execution. 
3. The studies that aim to present PW design for performance analysis of processes. 

Exclusion criteria formulated as checklist items 

13. The full text of the study is not in English language. 
14. The studies that do not focus on process warehouse based performance analysis of 

processes. 
15. The studies that aim at building methods and techniques for using process 

warehouse for performance analysis. 
16. The studies that do not present a process warehouse design specification, also called 

process warehouse structure. 
17. The studies that present a process warehouse description but explicitly announce that 

the presented description is an excerpt version of the implemented warehouse. 

Table. 8: Inclusion and exclusion criteria for third iteration 

Based a structured procedure for a comprehensive search through major databases using 

several keywords and phrases, a total of 29 studies related to be found during the survey. 
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From these approaches, eight contributions are included in the study. These are the ones 

that discuss the design aspects of PW and present a dimensional data model. A brief 

description of these approaches is as follows: 

 

I. Goal-driven DW Design (GD) (Niedrite, 2007):  

The approach is based on GQ(I)M (Park, 1996) to define goals and questions for 

identifying indicators. According to this approach, at first goals are defined and then 

analyzed to produce sub goals and measurement goals. Questions (which can identify 

achievement of the goals) are developed for measurement goals. Later, these questions 

are used to identify indicators. The indicators are finalized through refinement, to design 

DW model. The developed data warehouse is used for process measurement i.e. for 

‘recognition of the business process execution results using indicators’ (Niedrite, 2007). 

Common logical modeling technique is used for conceptual modeling of process 

warehouse. 

II. Data Warehousing Designing Approach (DWD) (Neumuth, 2008):  

According to this approach, as a preparation to the identification of relevant dimension, 

entire surgical workflow-recording-scheme is developed by using extended entity 

relationship (EER) notations. Multidimensional schema can be derived from the EER by 

examining relationship cardinalities and functional dependencies between attributes. 

Some guidelines developed by Lechtenbrger (Lechtenbrger, 2003) are used for this 

purpose. The developed DW is used for surgical workflow analysis. In this approach, 

‘dimensional fact model’ (Golfarelli, 1998) is used for conceptual modeling process 

warehouse. 

III. Multidimensional Modeling Approach (MDM) (Mansmann, 2007): 

The approach is based on recording scheme of a process as a UML class diagram. 

According to this approach, the structure of a cube is designed by applying vertical and 

horizontal decomposition. Vertical decomposition determines two granularity levels of 

fact structures, whereas, dimensions are determined by horizontal decomposition. The 

obtained dimensions are refined by developing dimensional hierarchies. The approach is 

developed for surgical process model. In this approach, ‘dimensional fact model’ is used 

for conceptual modeling of process warehouse. 

IV. Data Warehouse for Logs (DWL) (Eder, 2002):  

The approach is based on generic workflow metamodel and the typical information 

needed for process managers. According to this approach, explicitly collected queries 

(which should be answered) are collected and these queries work as a requirements. 

Dimensions are collected directly from workflow metamodel. Since time is not available 

in the metamodel, therefore, the time dimension is added. DW is designed in such a way 

that it answers all the formulated queries. The developed DW is used for aggregating, 

analyzing and comparing data and discovering irregularities. In this approach, ‘ADAPT 

notations’ (Bulos, 1996) are used for modeling of process warehouse.  
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V. Performance Data Warehouse (PDW) (Kueng, 2001):  

Application design for analytical processing technologies (ADAPT) approach is used for 

data warehouse. No formal methodology is used for designing data warehouse. The 

developed data warehouse can be used to facilitate business process improvement that is 

based on holistic performance measurement. In this approach, ‘ADAPT notations’ are 

used for modeling of process warehouse.  

VI. Goal-oriented Data Warehouse Design (GoD) (Giorgini, 2005):  

The focus of this approach is a goal-oriented methodology for requirement analysis in 

order to design a data warehouse. The goal-oriented methodology is used within a 

demand-driven and mixed supply driven design framework to produce data warehouse 

design. According to GoD approach two different perspectives (organizational modeling 

and decisional modeling) are integrated for requirement analysis. From the two 

perspectives, goal analysis, fact analysis and attribute identification takes place. 

Requirements are then mapped onto source schema and hierarchies are constructed and 

refined. In this approach, ‘dimensional fact model’ is used for conceptual modeling of 

process warehouse. 

VII. Process Data Store (PDS) (Schiefer, 2003):  

The process data store provides nearly real-time access to critical performance indicators 

of business processes. There is no formal modeling method proposed in the study and a 

common logical modeling technique is used for conceptual modeling of process data 

store (DS). The process data store has two types of data: a) very detailed event data, b) 

detailed up-to-date process data at various granularity levels. DS provides real-time 

access to critical process performance indicators to improve the speed and effectiveness 

of workflows. A common logical modeling technique is used for conceptual modeling of 

process warehouse. 

VIII. Data Warehouse for Audit Trial (DWM) (Pau, 2007):  

According to this approach, a data model is developed for capturing workflow audit trial 

data, relevant to process performance evaluation. After that, a logical model is 

constructed that characterize derivation of evaluation data from workflow audit trails. 

The logical model is used to develop dimensional model of data warehouse. The data 

warehouse is used for business process performance evaluation towards accessing and 

improving e-business operations. Common logical modeling technique is used for 

modeling process warehouse.  

3.5. Comparison and Evaluation 
Using the framework presented in a previous (Section 3.3), we evaluate and compare the 

collected approaches, presented in Section 3.4. Similar to the evaluation framework the 

evaluation results are also classified into design and capability evaluation. During the 

evaluation, we study the values of each parameter defined in the framework.  
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3.5.1. Design Components 

The evaluation results of design components are presented in this section. The parameters 

of the design methodology component are: basic approach and methodology employed. 

From the study of approaches, it is observed that most of the studies do not explicitly 

mention the approach/methodology used for generating PW design specification. The 

evaluation results of these approaches are therefore marked with (*). However, after 

reading the details, we conclude that GD and GoD follow a top-down approach whereas 

DWD, MDM, DWL and DWM follow a bottom-up approach. There are two approaches 

PDW and PDS which simply present a multidimensional model and the provided 

information was not sufficient to conclude about the approach followed. Similar to the 

basic approach, only a few approaches (GD and GoD) explicitly state the methodology 

applied to generate the PW design specification (multidimensional model). Based on the 

information provided in the paper it can be concluded that, DWD, MDM, DWL, DWM 

employed methodology is data-driven; whereas the information provided by PDW and 

PDS is not sufficient to conclude on the methodology employed. Results of the 

evaluation of design methodology of each approach are presented in Table 9.  

 

 Design Methodology Level of Design 

 Basic 

Approach 

Methodology 

Employed 

Conceptual 

Level 

Logical 

Level 

Physical 

Level 

GD Top-down* Goal-driven Yes No No 

DWD Bottom-up* Data-driven* Yes No No 

MDM Bottom-up* Data-driven* Yes No No 

DWL Bottom-up* Data-driven* Yes* No No 

PDW No Information No Information Yes No No 

GoD Top-down* Goal-driven Yes No No 

PDS No Information No Information No Yes No 

DWM Bottom-up* Data-driven* Yes† Yes└ No 

* not explicitly claimed 
└ named as a star schema 

Table. 9: Evaluation results of design methodology and level of design 

The parameters of the level of design component are basic conceptual level, logical level 

and physical level. From the study of the approaches it is observed that most of the 

studies present a conceptual model and explicitly label it as a conceptual level model. 

Studies do not label/name their model, but it can be observed that the presented model is 

constructed at conceptual level. The model presented by (DWM) is a conceptual model, 

however it is labeled as a logical level model; whereas one study PDS don't present a 

conceptual level model. Logical level model is not presented in most cases. PDS and 

DWM present a logical level model. Although, the model presented by DWM is at the 

logical level, but it is labeled as star schema. None of the studies discuss physical level 

design, because it is too specific to tools.  

The concepts modeled by the approaches are given below in Table 10. All design 

proposals include dimensions, dimension attributes and facts in their design; but. GD, 

PDS and DWM do not model aggregation level. The design proposals of the included 
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studies include very few measures and some studies DWD and MDM do not include any 

measure.  

 

 Concepts Modeled 

 Dimension Dimension 

Attribute 

Aggregation 

level 

Fact Measure 

GD Yes Yes No Yes Yes 

DWD Yes Yes Yes Yes No 

MDM Yes Yes Yes Yes No 

DWL Yes Yes Yes Yes Yes 

PDW Yes Yes Yes Yes Yes 

GoD Yes Yes Yes Yes Yes 

PDS Yes Yes No Yes Yes 

DWM Yes Yes No Yes Yes 

Table. 10: Evaluation result of concepts modeled 

Most of the approaches use some formal modeling notations to represent a conceptual 

level design. Three approaches DWD, MDM and GoD use dimensional fact model (see 

Table 11) to present the design, where as DWL, PDW and DWM use ADAPT notations 

to present the conceptual level design. GD and PDS do not specific the notations used to 

present the design. 

 

 Modeling Notations Used 

GD UML* 

DWD Dimensional Fact Model 

MDM Dimensional Fact Model 

DWL ADAPT notation 

PDW ADAPT notation 

GoD Dimensional Fact Model  

PDS Not specified 

DWM ADAPT notation for 
conceptual level 

                                 *not named 

Table. 11: Evaluation result of modelling notations used 

3.5.2. Capabilities Components 

For the analysis of a business process from the functional perspective, a process 

warehouse should support activity analysis, information flow analysis and analysis of sub 

processes, if any. Activity analysis is ‘included’ or ‘considered’ in all PW design 

specification (see Table 12). Flows of informational entities are ignored by DWL and 

PDW, whereas it is supported by GoD. The GoD approach does not present any schema 

of data warehouse therefore, inclusion of sub process analysis could not be understood. 

Also, DWD does not have any clear discussion about the analysis of sub processes, 

therefore the value is ‘no info’. Results of the evaluation of each approach from the 

functional perspective are given in Table 12.  
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 Activities Analysis Flows of informational 
entities Analysis 

Sub process Analysis 

GD Considered Considered Ignored 

DWD Included Included  Ignored 

MDM Included Included Included 

DWL Included Ignored Included 

PDW Included Ignored Included 

GoD Included Ignored Ignored 

PDS Included Considered Included 

DWM Included Ignored Ignored 

Table. 12:Analyses Supported: Functional Perspective (Shahzad, 2009c) 

From behavioral perspective, GD approach only supports cycle-time analysis of a 

business process. Deadlock or exceptions analysis is ignored by most of the approaches. 

Since there is no schema or discussion about execution order therefore from and PDW 

we could not understand whether analysis of execution order is supported or not. 

Anomalous behavior is not included in any approaches however, DWL and PDS 

considers this analysis. Results of evaluation of each approach from behavioral 

perspective are given in Table 13. 

 

 Execution 
Order 

Cycle time Anomalous 
behavior 

Path Deadlock/ 
Exception 

GD Ignored Considered Ignored Ignored Ignored 

DWD Included Included Ignored Ignored Ignored 

MDM Included Included Ignored Considered Ignored 

DWL Included Included Considered Ignored Ignored 

PDW Ignored Included Ignored Ignored Included 

GoD Considered Considered Ignored Ignored Ignored 

PDS Included Included Considered Considered Ignored 

DWM Included Included Ignored Ignored Included 

Table. 13: Analyses Supported: Behavioral Perspective (Shahzad, 2009c) 

 

The results of evaluation of process warehousing approaches from the organizational 

perspective are presented in Table 14. Resource analysis is ignored by DWL, PDW and 

DWM. GoD approach since it is not clear whether participant discussion is included or 

not, because it seems that author has some assumptions about participants, therefore ‘no 

info’ is market for GoD approach. DWL is the only approach that contains information 

about softwares/service. 

 

 Resource Participant Organizational 
Unit 

Software system 
& services 

GD Considered Included Ignored Ignored 

DWD Included Considered Included Ignored 

MDM Included Included Included Considered 

DWL Ignored Included Included Included 
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PDW Ignored Included Included Ignored 

GoD Considered Ignored Considered Ignored 

PDS Included Included Considered Ignored 

DWM Ignored Included Ignored Ignored 

Table. 14: Analyses Supported: Organizational Perspective (Shahzad, 2009c) 

For analysis of a process from information perspective, input analysis, data consumed 

and output analysis should be analyzed. Input analysis is ignored in most of the 

approaches. Data about consumed elements in a process are not included by processes. 

About output, some approaches like MDM, PDS and DWM, support output analysis. 

Results of evaluation of each approach from information perspective are given in Table 

15. 

 

 Input Analysis Consumption Analysis Output Analysis 

GD Considered Ignored Considered 

DWD Included Ignored Ignored 

MDM Included Included Included 

DWL Ignored Ignored Considered 

PDW Ignored Ignored Ignored 

GoD Ignored Ignored Ignored 

PDS Ignored Ignored Included 

DWM Ignored Considered Included 

Table. 15: Analyses Supported: Information Perspective (Shahzad, 2009c) 

In some of the process warehousing approaches, goals are a part of PW design approach, 

but they are not included in the design of the PW produced by the approach. Therefore, 

instead of using key words (like emphasis, considered etc.) a small explanation about 

involvement of goals by each approach is presented in Table 16. 

The parameters of the goal support component are basic goal consideration and goal-

based analysis. From the study of the approaches we have found that goals are 

considered during the design by GD, PDW and GoD. However, the remaining 

approaches do not consider goals during the design. On the other hand, no study support 

goal-based analysis of warehouse data for analysis of processes.  

The data produced as a result of execution of a process is used by all the approaches. A 

few approaches MDM and GoD do not explicitly state that execution log is used for 

analysis of processes, but from the description it can be derived that the data produced as 

a result of process execution is used for analysis of processes. Some studies GD, PDW 

and PDS discuss the use of operational as well as process execution data for analysis of 

processes. PDW discuss the use of other data sources like message broke log and 

external data for analysis of processes.  

 

 Goal Support Data Stored 

 Goal 

consideration 

Goal-based 

Analysis 

Process 

Execution log 

Operational 

Data 

Others 

GD Yes No Yes Yes No 

DWD No No Yes No* No 

MDM No No Yes* No* No 
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DWL No No Yes No* No 

PDW Yes No Yes Yes External data 

GoD Yes No Yes* No* No 

PDS No No Yes Yes No 

DWM No No Yes No No 

Table. 16: Goals Support and Data Stored Components 

3.6. Summary 
In this chapter, we have developed a framework for evaluation and comparison of PW 

design proposals. The aim of the framework is to identify the specific areas (referred to 

as components) that should be considered in the evaluation and comparison of PW 

design. There are two types of components in the framework, design and capabilities 

components. Subsequently, based on the framework eight existing PW design proposals, 

collected through a comprehensive survey are evaluated and compared. From the study 

we conclude: 

− Based on the results presented in Table 9, it is concluded that the studies that consider 

performance goals in designing PW are scarce. Therefore, there is a possibility that 

important performance analysis metrics are ignored or may be interpreted differently. 

This limits the users who can fully exploit the use of PW for performance analysis 

and improvement. 

−  Based on the results of capabilities analysis presented in Table 12-16, it is concluded 

that a design of a PW that supports comprehensive analysis of processes is missing. 

Therefore, there is a possibility that important performance analysis consideration 

needed to identify the bottlenecks of a process are not supported by the PW.  
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4. Process Warehouse-based Performance 
Analysis and Improvement 

The aim of this chapter is to provide an overview of our proposed method and to clarify 

the relationship between the steps of the method and the remaining chapters. For 

building the method, a starting point may be the identification of requirements for the 

method. These requirements are mainly elicited from the deficiencies of existing studies 

identified in Chapter 2 and 3 and secondarily from the literature that discusses issues 

concerning performance analysis and improvement of business processes. These 

requirements serve as a basis for proposing an innovative PW, and developing a three 

step method for performance analysis and enabling process improvement. In this chapter, 

we introduce our innovative PW and a brief overview of the method is presented, while 

the details of each step of the method are presented in Chapters 5, 6 and 7.  

4.1. Requirements for PW-based Performance Analysis and 
Improvement 
Using a PW to determine on the needed process improvements is a complex task because 

first the process execution data needs to be collected and structured in an appropriate 

way. Subsequently a relevant subset of data needs to be retrieved from warehouse in the 

way to enable correct, efficient and timely decision making for process improvements. 

However, a common problem concerning an efficient utilization of PWs regards their 

size and content - PW is a large database and the magnitude of data needed for an 

analysis and decision is very small as compared to the total size of a PW i.e. the amount 

of information that needs to be considered when analyzing the process is significantly 

smaller than the total size of warehouse. 

It has been discussed earlier in an earlier study (Shahzad, 2009), due to a typically 

large size of PW and lack of approaches for their efficient use, users commonly retrieve 

irrelevant data, miss vital information, and as a consequence, fail in the process analysis 

task. Additionally, the aim of employing PW for analysis is to evaluate if the desired 

performance is achieved or not, which serve as foundation of taking improvement 

decisions that can leads to achievement of desire performance. Therefore, identification 

of information that should be consulted for judging that the desired performance is 

achieved or not is a pre requisite of the decision making process and it is a complex task. 

Thereby, there is a significant need for structuring a PW in a way that will enable a fast 

extraction of the process performance related data for improvement decisions. However, 

from the evaluation of existing approaches in the previous chapter, it is concluded that 

the existing warehouse designs are not complete and therefore limit the analyses that can 

be conducted. Consequently, the support for important analyses that are needed to 

understand certain phenomena in process execution may not be available to users. 

Therefore, the following requirements arise:  

Requirement 1: It should be possible to identify and retrieve necessary and sufficient 

information for performance analysis. This means that the approach to access PW should 

allow identification and retrieval of data that is necessarily required for a specific process 
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analysis task. Also the data irrelevant for the specific process analysis task should not be 

retrieved. 

 

For the analysis and improvement of processes, business experts, envisaged for making 

improvement decisions, heavily depend on IT personnel to get the information about 

running systems. Therefore, in the absence of adequate and sufficient methods and 

techniques, a) credible decisions on potential process improvements by using data-

oriented warehouses as information sources cannot be taken (Casati, 2002), b) limits the 

users who can fully exploit the use of PW for analysis and improvement of processes. 

Trienekens (Trienekens, 2005) on the other hand has advocated, one of the major  

bottlenecks to the success of process improvement is the lack of business goal 

orientation. Therefore, it is of considerable importance to have methods that support the 

use of PW keeping in view the process goals, for deciding process improvements. 

In the previous chapters, from the survey of existing approaches it is concluded that the 

methods of using analysis of PW are scarce. These findings are in line with the finds of a 

(Zellner, 2011), recent study on the evaluation of existing approaches. It concludes, none 

of the evaluated approaches offers a step-by-step guide for business process 

improvement i.e. there is a lot of literature concerning business process improvement but 

it mainly happens in a black box. Therefore, the following requirement arises:  

Requirement 2: The approach should step-by-step guide performance analysis and 

improvement of processes. This means that the approach should be a method that can 

guide the act of retrieving data from PW, analyzing it and improving the corresponding 

process. 

 

In a recent study (Muehlen, 2010), Muehlen identified two issues concerning the use of 

warehouse for business process analysis, a) it contains many dimensions, so the selection 

of appropriate dimensions for analysis can require significant domain expertise, b) "if the 

cognitive effort to extract and interpret the information from a PW is high, the extracted 

information may be ignored and thus it will not bring any value to the decision maker" 

(Muehlen, 2010). Therefore, in the presence of these issues a starting point may be the 

consideration of the needs of stakeholders', which in this case are business process 

analysts and decision makers. The stakeholders' are accustomed to the business 

perspective in the process analysis, and thereby far of the capability to directly utilize 

low-level data contained in warehouses (Sarda, 2001; Shahzad, 2011; Stefanov, 2007a; 

Stefanov, 2007b). Over the years it has been argued (Sarda, 2001; Stefanov, 2006) that 

these users prefer to analyze business performance with regards to, for instance, business 

goals. In the absence of the contextual information such as performance goals of a 

process and fulfillment criteria of the goals, the retrieved values are difficult to interpret, 

or can be interpreted incorrectly, consequently making the analysis and improvement of 

processes inefficient. To further understand the concept, consider a healthcare process in 

which the performance is analyzed in terms of the number of patients attended per day 

i.e. the performance goal is defined in terms of number of patients attended in a day. 

Given the number is 80 does not clearly explain whether the process is efficient or not - 

due to absence of the information about performance goals and the fulfillment criteria of 

the goals. In this situation, a user may consider the process efficient, whereas another 

user may find it inefficient, thereby making a different decision. Also a long standing 
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challenge for using PW is development of techniques that facilitate process analysis 

without writing any code/query (Grigori, 2004). Therefore, the following requirements 

can be elicited: 

Requirement 3: A reference point should be provided for consistent interpretation of 

numeric values. This means for a consistent interpretation of numeric values by all users, 

a reference point should be provided to users to facilitate the task of process analysis. 

Requirement 4: The method should support goal-based analysis and improvement of 

processes. This means, the method should be developed in a way that business experts 

can make use of the method for analyzing process performance and decide on process 

improvement.  

Requirement 5: The method should support the use of process warehouse for process 

analysis without writing any code. This means, the analysts should be able to retrieve 

PW data and navigate PW without writing any code.  

4.2. Goal-driven Performance Analysis and Improvement: 
Basic Concepts 
Our solution to address the discussed requirements is based on integration of 

performance goals with PW and using these goals for performance analysis and deciding 

on improvements. In this section, we introduce the concepts and the nomenclature that 

forms a conceptual basis for our performance analysis and improvement method, 

introduced later in Section 4.4. The concepts and their relationships introduced in 

(Shahzad, 2012) are depicted as classes and relationships between classes in Figure 12. 

The process class in the Figure 12 refers to the process that is under consideration for 

performance analysis. A process is composed of elements formally called process 

elements. An element could be a sub-process or an activity of the process. A process 

consists of at least two activities that are related with each other; where the relation 

defines the execution order of the two activities. The initiating condition class depicted 

in the figure refers to the cause/s that triggers the need for analysis of a business process. 

The cause could be the occurrence of an event, e.g. in a health-care process, a complaint 

about unnecessary delays in treatment could be a cause that triggers the need for analysis 

of the health-care process. A cause could also be a predefined time slot, e.g. in the 

healthcare-process, end of each year could also be a cause that triggers the need for 

analysis of the health-care process. The goal class in the figure refers to a performance 

goal that is set for a process to define the desired performance of the process under 

consideration. Formally, a goal is a state of a process defined in terms of the quality of 

service property that is intended to be achieved. 

Consider an example goal 'treatment is timely'. In the example goal, 'timely' is the 

quality of service property. A goal can be decomposed into sub-goals based on the 

functional decomposition of the process under consideration. The sub-goals generated as 

a result of the decomposition are related to their parent goal by one or more operators, 

such as OR, SeqOR, AND and SeqAND. The indicator class in the figure refers to a set 

of criteria that represents the achievement of a goal i.e. the goal is 'achieved' if the set 

criteria is met and 'not achieved' if the set criteria is not met. Indicators for a goal are 

identified by taking into consideration the design perspectives of a business process, 

defined by (Curtis, 1992) – functional, behavioral, organizational and informational. For 
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a health-care process, ‘idle time of patient’ is an example of an indicator from 

‘functional’ perspective. The concrete measurements of these criteria are defined and 

captured as facts in a process warehouse. The satisfaction condition for an indicator 

represented by an attribute of the class 'desired value', is the desired value of the 

indicator. For the indicator ‘idle time of patient’ the satisfaction condition can be ‘two 

hours’. Collectively, the satisfaction conditions of all the indicators of a goal from the 

fulfillment criteria of the goal.  

The decision class in the Figure 12 refers to the directive of the course of action for a 

process entity that could result in improvement of a business process (Shahzad, 2012); 

where the process entity could be an agent or an actor involved in the process, a resource 

related to the process or an element (sub-process or activity) of a process (Shahzad, 

2010; Shahzad, 2012). 'Increase the number of doctors' is an example of a directive of the 

course of action (called decision) for timely patient treatment. If a goal is not fulfilled 

(i.e. at least one satisfaction condition is not met), a decision is taken such that the 

directive leads to the satisfaction of the goal, i.e. reaching the desired state of the process, 

which in this case is timely patient treatment. The process changes class refers to the 

concrete steps (actions) taken in the process against the elicited decision.  
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Figure 12: Goal-driven process analysis: Basic concepts (Shahzad, 2012) 

 

Additionally, a number of constraints are defined on the relationships between the 

concepts in Figure 12. The constraints are described in (Shahzad, 2012): 

• Each process consists of at least two activities that are related to each other. 
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• Two or more sub-goals are related to their parent goal by one or more of the 

operators like OR, SeqOR, AND, SeqAND etc. 

• A goal is fulfilled, if and only if the acquired values of all corresponding facts are 

equal to the satisfaction conditions. 

4.3. The Proposed Process Warehouse 
In the beginning of this chapter (in Section 4.1) we identified a set of requirements for 

performance analysis and improvement of processes using PW. The requirements are 

mainly elicited from the deficiencies of existing efforts studied in Chapter 2 and 3, and 

secondarily from the literature that discusses issues concerning process analysis and 

improvement. The set of requirements explicitly or implicitly concerns, the use of PW as 

well as the PW itself. For instance, requirement 5 (the method should support the use of 

PW for performance analysis without write any code) explicitly concerns the use of PW; 

whereas, requirement 1 (it should be possible to identify and retrieve necessary and 

sufficient information for performance analysis and improvement of a business process) 

is implicitly related to the specification of PW; because in order to retrieve necessary and 

sufficient information from PW it is essential that necessary and sufficient information is 

stored in PW. In order to address the requirements of PW we integrate goals with PW 

and afterwards the goals are used for performance analysis and deciding on 

improvements. Our proposed PW differs from traditional PW in a number of ways that 

spans across two levels, structural and architectural. The details are as follows: 

Structural Level: It is the design specification of data, relationship between data and 

constraints in the data (Connolly, 2005 pp. 45). In the context of PW, it is also called PW 

description or PW design specification; these terms are used alternatively in the rest of 

the thesis. At structural level, our proposed PW (Shahzad, 2011a) differs from traditional 

PW because it consists of two parts, stable and case-specific part. The stable part of the 

PW captures the information about goals, indicators, satisfaction conditions and 

information about PW description (dimensions and facts) that are related to each goal 

(Shahzad, 2011a; Shahzad, 2012). This part is hard-coded in the sense that its structure 

does not change when the process is changed. The stable part does not exist in a classical 

PW. This part is an extension to classical PW that is added in order to store information 

about goal structure and its relationship with PW structure, which is not possible in a 

traditional PW. Details of this part of PW are presented in Chapter 6.  

The case-specific part captures the dimensions and facts about a process that are 

essential for performance analysis of processes. This part is changeable (dynamic) in the 

sense that a data model is developed for each process, i.e. the dimensions and facts 

identified for a process can be different from those of another process (Shahzad, 2011a; 

Shahzad, 2012). The key difference in the case-specific part is the addition of bit-maps to 

each record that is used to create relationship between goal structure and content of PW. 

Details of bit-maps addition to each part of PW are presented in Chapter 6. 

 

Architectural Level: It is the set of specifications that describes the organization of 

warehouse objects, how they work together and how the data flows between them 

(Wingenious, 2005). In addition to the structural level differences of our proposed PW 

from classical PW describe above, there are some differences at architecture level. The 
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architecture of traditional PW is presented in Chapter 1 (see Figure 2) and the 

architecture of our proposed PW is presented in Figure 13. From the figure, it can be 

seen that in order to partly populate the case-specific part of our proposed PW, data 

needs to be extracted and consolidated from process logs as well as from the 

transactional sources, which is not the case with traditional PW. For matching of process 

and transaction data, (Radeschutz, 2008) has proposed a matching framework. According 

to the framework, there are three matching alternatives, manual matching, semi-

automatic and automatic matching approach. Among the three alternatives we suggest 

the use of manual matching. Although the effort required for the matching could be high 

compared to semi-automatic and automatic approaches, however it ensures that 

correctness of matching with more certainty, which is essential for our solution. As 

discussed earlier, the stable part does not exist in a classical PW i.e. this part is an 

extension to classical PW that is added in order to store information about goal structure 

and its relationship with PW structure. The stable part on the other hand is partly 

populated with goals that are defined in the first step of our method (see details in 

Chapter 5). It is suggested, to manually populate the remaining part of the PW i.e. the 

parts that concerns the relationship between goal structure, PW structure and PW 

content.  

 

 
 
 
 
 
 
 
 

 

Figure 13: Architecture of the proposed process warehouse 

4.4. Goal-driven Performance Analysis and Improvement: 
The Method Overview 
In this section, an overview of our goal-driven method is presented. The purpose of the 

method is to facilitate process managers to diagnose and overcome business related 

weaknesses that hinder the fulfillment of process goals (Shahzad, 2011). The proposed 

method consists of three steps: i) build goal structure, ii) integrate goals with PW, and iii) 

analyze and improve process. Figure 14 provides a visual overview of the three steps of 

our method and relationship between those steps. In the figure, the dotted arrow sign 

shows the ordering of the section and the solid arrow sign represents the ordering as well 

as dependencies between different sections. The three steps of the method are briefly 

discussed below, leaving the details of each in for Chapter 5, 6 and 7, respectively. 

I. Step 1: Build Goal Structure  

During this step a business process of interest is identified and a set of top-level business 

goal/s related to the process are elicited. Based on the functional decomposition of a 

process (formally, process decomposition tree) and the quality of service properties a set 
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of top level goals are identified. A top-level business goal expresses a desired future state 

that should be achieved as a result of the execution of the process. For instance, in the 

healthcare domain, a top-level business goal is named as 'Stroke process should be 

efficient', or 'Stroke process should be patient-centered'. Using the four process 

perspectives of (Curtis, 1992) as a classification and guideline basis, a set of process-

related indicators are associated with the goal, for measuring its achievement. Once a 

top-level goal is elicited, it is decomposed into sub-goals related with associating the 

established quality of service properties, the indicators to each sub-process and activity 

from the existing process model. Step 1 is elaborated in Chapter 5 and illustrated for a 

healthcare process in Chapter 8.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14: A graphical overview of the method steps 
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During the second step of the method, goals are integrated with PW to provide goal-

driven access to PW. It is because, the PW aims at providing relevant and accurate 

information regarding the performance of a process. Such information can be used to 

communicate goals and the performance of business processes towards their achievement 

(e.g. goals expressing quality of service properties). Furthermore, weaknesses and 

obstacles that hinder business processes to achieve their related business goals are also 

identified allowing them to be addressed. The Step 2 is elaborated in Chapter 6 and 

illustrated for a health care process in Chapter 8. 

III. Step 3: Analyze and Improve Process 

Once the goals are integrated with PW, goals are used for gathering and analyzing the 

actual process data collected in the PW. Here, it is on the business analyst/decision 

maker to choose a goal or sub-goal satisfaction condition to compare with the actual 

process data fetched from the PW (i.e. the facts), to evaluate their fulfillment.  

In this step, the focus may be set to any part in the goal structure to evaluate goal 

fulfillment towards relevant process execution parts. In case the goal(s) are not fulfilled a 

decision on possible process improvements is defined; the decision corresponds to a set 

of changes in the examined process. Every process change can be additionally assessed 

along predefined quality factors, to choose optimal in case several alternatives are 

available. The Step 3 is elaborated in Chapter 7 and illustrated for a health care process 

in Chapter 8. 

An important aspect of the third step concerns the mechanism for process data retrieval 

to facilitate goal evaluation. In our method, data retrieval is achieved by implementing a 

tool, which provides goal selection and the extraction of relevant facts. The details about 

the implement prototype and use cases of the tool are illustrated in Chapter 8. The steps 

of the method and their relationships are presented in Figure 14. 

4.5. Example 
In this section, we introduce an example stroke diagnoses process that is used in the 

remaining part of the thesis to illustrate an application of the proposed method. The 

example is a segment of a process from the Swedish health-care sector, analyzed within 

the VIPPA project1. Cerebravascular (CVA) or simply stroke is a life-threatening 

disease, in which brain functions are either lost or disturbed due to interruption in blood 

supplies to the brain (Shahzad, 2011; Shahzad 2012). A key technique to diagnose stroke 

is the use of Magnetic Resonance Imaging scan (MRI scan). In case stroke is diagnosed 

for a patient, surgery called Intravenous Trombolysis is strongly recommended within 

four hours of the arrival of patient. However, the surgery is a complex as well as 

expensive treatment and the decision of performing surgery entirely depends on the 

results of MRI scan. Therefore, a stroke diagnosis is essentially of great significance for 

the hospital. Figure 15 shows the stroke diagnoses process as an example to illustrate our 

method.  

On facing a stroke problem, the patient arrives in hospital, which is a starting point of 

the process. On arrival, patient registration is done, and the patient visits a doctor for 

                                                           
1The project VIPPA is supported by VINNOVA – Swedish Agency for Innovation Systems under project nr P33462-1 
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primary diagnoses. A primary diagnoses investigates the nature of the disease, if the 

symptoms of stroke are not found and more investigation is not required, a medication is 

given to the patient. However, in case more investigation is required, the patient is 

forwarded for MRI scan. Subsequently, the report of the MRI scan is send to specialist 

for further investigation.   

 

Figure 15: Example Stroke diagnoses process 

Due to this dependency of the stroke diagnoses on the MRI scan and expensive 

treatment, it is necessary to assign the most appropriate agent for the scanning activity. In 

the example case a certified and experienced agent to operate the scanner and perform 

scanning quickly. Time is a very crucial factor in this example because if the stroke is 

diagnosed, the surgery (Intravenous Trombolysis) has to be performed within four hours 

of the arrival of patient. In addition to the agent's capabilities, the performance of the 

activity is also dependent on the availability and performance of resource, which in this 

case is an MRI scanner. For instance, if the scanner is out of order or replaced by the one 

with different operating procedure or manufactured by a different company, it may affect 

the performance of stroke diagnoses process (particularly the scanning activity) and that 

of the agent who is using the scanner.  

4.6. Summary 
The chapter starts with elicitation of requirements of the PW-based method for analysis 

and improvement of business processes. The requirements are elicited from literature and 

the knowledge gained from the study of existing approaches. These requirements serve 

as a basis for developed of our analysis and improvement method.  

Subsequent to the requirements, a set of basic concepts that are used in the remaining 

part of the thesis and their relationships are presented. Following that, the three steps of 

our method are briefly described to provide an overview of our method. The purpose of 

the overview is to clarify the relationship between the remaining chapters. 
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5. Building Goal Structure 
This chapter describes the building of goal structure, the first step of our method and 

partially contributes towards fulfilling two requirements, presented in the beginning of 

Chapter 4. These requirements are: a) the method should support goal-based performance 

analysis and improvement of processes, b) a reference point should be provided for 

consistent interpretation of numeric values (goal fulfillment criteria).  

Our solution to address these requirements is based on integration of the goal-structure 

with PW and navigation of PW using the goal structure. This chapter in particular 

focuses on building goal-structure that is afterwards integrated with PW in order to 

navigate PW using goals. In what follows, we first introduce notion of 'process 

decomposition tree' in Section 5.1 that serve as a basis for generating goal structure 

(formally 'goal decomposition tree'); where process decomposition tree represents the 

modular decomposition of a process model. Secondly, the notion of 'goal decomposition 

tree' is introduced in Section 5.2. Subsequently in Section 5.3, the first step of the method 

(building goal structure) which relies on the use of the outlined artifacts is presented. The 

first method step offers a step by step approach for generating goal structure for 

performance analysis of business processes with the aim to elicit the directions of 

improvement. Figure 16 provides a visual overview of the sections of the chapter, where 

the dotted arrow sign shows the ordering of the section and the solid arrow signs 

represent the ordering as well as dependencies between different sections.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16: Structure of the chapter 

5.1. Process Decomposition Tree 
The concept of process decomposition tree is inspired by the program structure tree, 

which is a hierarchical representation of the control structure of a program (Johnson, 

1994). The program structure tree has already been used as a basis to study parsing of 

workflow graphs (Vanhatalo, 2009). For the purpose of our study, some concepts, 
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control structures, parts of a program structure and goal decomposition tree (Simon, 

2006) are tailored to fit the concepts, control structures and parts of a business process. 

Process Decomposition Tree (PDT) or simply process structure is a graph of process 

that represents the modular decomposition of the control structure of a process model in 

a hierarchical form. The aim of the tree is to decompose or disintegrate a process into 

smaller parts by following the principle 'divide and conquer' that will afterwards serve as 

a basis for defining the goals that different parts of the process should achieve to achieve 

the goal of the process. The benefit of a hierarchical structure is, it becomes possible to 

identify what different parts and sub-parts fail to achieve their goals and thereby the goal 

of the process is not achieved. The PDT is significantly simpler that the process structure 

tree presented in (Vanhatalo, 2009), where process structure tree aim for parsing the 

syntax of a process and aim for a fine-grained decomposition for translating process 

model into other languages and composing new processes etc. In contrast, PDT is simply 

a hierarchical representation of the modular decomposition of a process. Figure 17 

depicts the concepts of PDT and their relationships. A process structure has a root node 

that refers to the process under consideration for analysis. A process can be decomposed 

or disintegrated into parts by decomposition of the process from functional perspective 

i.e. an activity or a set of activities (called fragment) and control-flow elements are 

disintegrated from a process. Parts or fragments of a process are the modular 

components of a process that together form the process. From the definition of a process, 

a process at least consists of two activities and the relationship between them. Therefore, 

if decomposed, each part of a process consists of at least one activity i.e. the smallest unit 

of operation in a process model. 

 

Figure 17: Metamodel of Process Decomposition Tree 

Consider a process with two activities, shown below in Figure 18 (a). Also, consider if 

the process is decomposed into two parts to form a classical tree of modular 

decomposition, shown below in Figure 18 (b). From the tree it is not clear, in which 

order the parts of a process or activities should be executed i.e. the control flow is not 
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represented. This is in contrast to the fundamental reason of using graphical notations for 

process modeling i.e. graphical notations makes explicit the ordering between the 

activities. Since, in most cases activities of process models are not serial, instead they are 

connected by control flow operators so by using the classical tree of modular 

decomposition, it is not possible to understand the control flow between operators in a 

tree structure. For instance, Figure 19 (c) and (d) respectively represents a non-serial 

process model and a tree of modular decomposition. In the absence of Figure 19 (c) it is 

not possible to know the order in which activities should be executed in Figure 19 (d). To 

represent the flow of activities in a tree, a set of operators are introduced in Section 5.1.1 

which represents the flow of activities in a tree structure. 

 

 

 
  

Figure 18 (a, b): Example process P (left) and Decomposition tree of P (right) 

 

 

 

 

Figure 19 (c, d):  Example process P1 (left) and Decomposition tree of P1 (right) 

The stroke diagnoses process presented in Chapter 4 (Figure 15) is an example of a non-

serial process. The tree of modular decomposition of the diagnoses process is presented 

below in Figure 20. In the absence of the process model presented in Chapter 4 (Figure 

15), it is not possible to know from Figure 20 the order in which activities should be 

executed. To represent the flow of activities in a tree, a set of operators are introduced in 

Section 5.1.1 which represent the flow of activities in a tree structure. 

 

Figure 20:  Modular decompositon of the stroke diagnoses process 

Secondly, the use of patterns is a proven approach in the context of process modeling, 

and empirical studies advocate that business processes are assembled frequently out of a 

set of patterns (Thom, 2007). Will van der Aalst (van der Aalst, 2005) has introduced a 

set of control flow patterns to represent dependencies between activities of a process e.g. 

an activity need to be performed after completing an activity or in parallel with another 

activity. Therefore, in Section 5.1.2 a set of control flow patterns and their equivalent 

PDT patterns are presented that can be used to build a PDT. Thirdly, as discussed earlier, 

a process is disintegrated to produce a PDT. The point of decomposition is called a 

decomposition vertex. To decompose a process, the possible decomposition vertices are 

discussed in Section 5.1.3. 

A B 

P 

A B 

A 

B 
C AND 

P 

A C B 



92 
 

5.1.1. Decomposition Operators 

In this section, the decomposition operators are proposed that can be used to represent the 

arrangement between parts of a process as well as the order in which each part/activity of 

a process should execute. The operators are rooted in the classical logic operators, such 

as AND, OR and XOR, and goal decomposition operators, defined for representing 

behavior of an agent in goal-agent coupling (Simon, 2006). The connotations of the logic 

operators and goal decomposition operators are tailored to meet our needs of 

representing control flow between nodes of our PDT. For presentation purposes the 

operators are classified into the following four types, AND operators, OR operators, 

XOR operators, and Condition operators. In the remaining part of this section, the 

definitions of each operator and its differences from the classical logic operators meaning 

are discussed. 

I. AND operators:  

The operators of this type define the order in which activities have to be executed. 

Specifically, this type of operators represents the activities or fragments of a process that 

have to execute in sequence or in parallel. The operators belonging to this type are: 

decomposition AND, composite AND, sequential AND, composite sequential AND, 

partial sequential AND. Below, we define the meaning of each operator and discuss its 

difference from standard AND logic operator.  

− Decomposition AND operator (D
˄
): This decomposition operator is fundamentally 

different in meaning from the standard AND operator. The logical AND between two 

parts of a process produced as a result of process decomposition simply means that 

both parts have to be executed. In contrast, the decomposition AND means that both 

parts have to be executed and executed in parallel. Consider a process P with two parts 

A and B, if the operator between them is AND, this means that the both A and B have 

to be executed, in contrast if the operator is D˄, this means that both A and B not only 

but have to be executed in parallel. The representation of the two operators is shown 

below in Figure 21 (a) and (b). The arrows in both directions of the D˄ represents that 

the parts have to be executed in parallel. If there are more than two parts that have to be 

executed in parallel, a solid line goes between all of them as shown below in Figure 21 

(c). It is called Composite AND as it is represented by D▲. 

 

 

 

 

 

Figure 21 (a, b, c):  Decomposition trees (from left to right) 

− Sequential AND operator (S
˄
): This decomposition operator is also different in 

meaning from the standard AND operator. In contrast to the classical AND operator, 

the S˄ means that the two parts of process have to be executed in a specific order. The 

order of executed is represented by the direction of arrow. For the process P with two 

parts A and B, if the operators is S˄, this means both A and B have to be executed but 

in a specific order i.e. B follows A. The representation of the operators is shown below 
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in Figure 22. The direction of the S˄ represents the order in which the parts have to be 

executed, in the example case A is followed by B. In the stroke diagnoses process 

example registration and primary diagnoses are the two activities which must be 

executed in a specific order i.e. primary diagnoses follows registration. The 

representation of the two activities can be done by using sequential AND operator, as 

shown below in Figure 23. 

 

 

 

Figure 22: Decomposition tree of sequential AND operator 

 

 

 

 

 
 

 

 

Figure 23: Process decomposition tree for the stroke diagnoses process 

Consider there are three parts of a process A, B and C, to be executed in an order that 

A has to be executed followed by a parallel execution of B and C.  If it is modeled 

using classical AND operator, as shown in Figure 24 (a), the meanings becomes, A, B 

and C should be executed. What is not possible to represent using the classical AND 

operator is the stated flow between all three parts. To represent that, we propose the 

use of Composite Sequential AND, represented by S
▲. Using a combination of 

composite sequential AND, and decomposition operator it is possible to represent 

relationship between more than two nodes. Figure 24 (b) represents the execution 

order of activities A, B and C. A solid line from A to C represents that the existence 

of S▲ between the three parts, whereas the bidirectional arrow represents that B and C 

have to executed in parallel. 

 

 

 

 

 

              Figure 24 (a, b): Classical AND operator, Composition Sequential AND 

II. OR operators:  

The operators of this type also define the order in which activities should be executed. 

Specifically, this type of operators represents the parts of a process that have a choice 

between their executions. The operators belonging to this type are: decomposition OR 

and Composite decomposition OR. Below, we define the meaning of each operator and 

discuss its difference (if any) from standard OR operator. 
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− Decomposition OR operator (D
˅
):  This decomposition operator is slightly different in 

meaning and representation from the standard OR operator. The OR operator means 

that one of the two parts have to be executed, whereas the decomposition OR means 

that one of the two parts of process have to be executed and there is no order between 

them. Consider a process P with two parts A and B, if the operator between them is 

decomposition OR, this means that one of the two have to execute. The representation 

of the decomposition OR is shown below in Figure 25 (a), where a two directional 

dotted line between the parts. If there are more than two parts that have to be executed 

in parallel, a dotted goes between all of them as shown below in Figure 25 (b). It is 

called Composite OR operator as it is represented by D▼.  

 

 

 

 

        Figure 25 (a, b):  Decomposition OR operator and Composite OR  

− Composite Sequential OR (S
▼

): Consider there are three parts of a process A, B and C, 

to be executed in an order that A or B has to be executed followed by execution of C.  

If it is modeled using classical OR and AND operators, as shown in Figure 26 (a), the 

meanings becomes, A or B has to be executed and following that C has to be executed. 

What is not possible to represent is the ordering between all three parts. To represent 

that, we propose the use of Composite Sequential OR, represented by S
▼. Using a 

combination of the operators discussed above it is possible to represent the order or 

execution. Figure 26 (b) represents the execution order of activities A, B and C. A 

dotted line from A to C represents that the existence of S▼ between the three parts and 

the D˅ between A and B represents the choice of one part.  

 

 

 

 

Figure 26 (a, b): Classical OR, AND operators and Composite Sequential OR   

III. XOR operators:  

The operators of this type also define the order in which activities should be executed. 

Specifically, the operators of this type represent the parts of a process of which one has 

to execute. The operators belonging to this type are: decomposition XOR and Composite 

decomposition XOR and composite sequential XOR. Below, we define the meaning of 

each operator and discuss its difference (if any) from the standard XOR operator. 

− Decomposition XOR operator (D
○
): This decomposition operator is slightly different in 

meaning and representation from the standard XOR operator. The XOR operator means 

that only one part has to be executed; whereas the D○ means that only one of the two 

parts has to be executed and there is no order between them. Consider a process P with 

two parts A and B having decomposition XOR operator between. The graphical 

representation of the D
○ is shown below in Figure 27 (a), where a two directional 

dotted line between the parts. If there are more than two parts with D○ between them, a 
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dotted line goes between all of them as shown below in Figure 27 (b). It is called 

Composite XOR operator as it is represented by D●. 

 

 

 
 

 

Figure 27 (a, b): Decomposition XOR,  Composite XOR  

− Composite Sequential XOR operator (S
●
): Consider there are three parts of a process, 

A, B and C, to be executed in an order that A XOR B has to be executed followed by 

execution of C. If it is modeled using classical XOR and AND operators, as shown in 

Figure 28 (a), the meanings becomes, A XOR B has to be executed and C has to be 

executed. What is not possible to represent is ordering between all three parts. To 

represent that, we propose the use of Composite Sequential XOR, represented by S
●. 

Using a combination of the operators discussed above it is possible to represent the 

order or execution. Figure 28 (b) represents the execution order of parts A, B and C. A 

dotted line with a solid round head flows from A to C represents that the existence of 

S
● between the three parts and the D○ between A and B represents the choice of one 

part.  

 

 

 

  

 Figure 28 (a, b): Classical operators (left), Composite sequential XOR operator (right) 

IV. Condition operators:  

The operators of this type specifically represent the parts of a process that has to execute 

if the conditions are met. The operators belonging to this type are: Decomposition 

Condition, Composite Decomposition Condition and Composite Sequential Condition. 

Below, we define the meaning of each operator. 

− Condition Decomposition (D
◊
): The condition or conditional decomposition 

represented by D◊, means that the following parts have to be executed only in case a 

certain condition is reached. Consider a process P with two parts A and B having 

condition decomposition operator between them. The graphical representation of the D◊ 

is shown below in Figure 29 (a), with a solid line between the parts and condition 

specified at each the end of the connector. If there are more than two parts with 

conditions between them, a solid line goes through all of them, with a condition 

specified for each part, as shown below in Figure 29 (b). It is called Composite 

Condition operator as it is represented by D◘.  

 

 

 

 

       Figure 29 (a,b,c): Condition decomposition, Composite condition, Composite sequential 
condition   
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− Composite Sequential Condition (S
◘
): Consider there are three parts of a process, A, B 

and C, to be executed in an order that A is executed followed by execution of B or C 

depending upon the condition. This can be modeled by using a combination of 

composite sequential condition and one of the operators defined above. Figure 29 (c) 

represents the execution order of parts A, B and C. A solid line with a diamond round 

head flows from A to C represents that the existence of S◘ between the three parts and 

the D
○ between B and C represents the choice of one part depending upon the 

condition.  

5.1.2. Decomposition/'PDT Modeling' Patterns 

The patterns initiative for modeling processes started in 1999 and as a result 20 patterns 

were developed to describe the behavior of business processes (van der Aalst, 2005). An 

empirical study (Thom, 2007), have investigated the frequency with which certain 

patterns occur in the practice. The study results indicate the existence of such patterns in 

real application. 

To correctly decompose a process and to distinguish between behaviors of a process, 

particular control-flow patterns are used because these are the patterns for process 

behavior. In this section we discuss the control flow patterns for modeling processes and 

introduce their equivalent patterns for Process Decomposition Tree (PDT). By doing that 

we facilitate the act of modeling PDT and demonstrate the ability of the operators to 

represent process models. The reasons for the choice of patterns are, a) the patterns are 

essential ingredient of control in process modeling (Kiepuszewski, 2003), b) business 

processes are frequently assembled out of the set of patterns (Thom, 2007), c) they have 

a proven impact in the industry (Wohed, 2006), and d) they represent the generic and 

recurring concepts in the context of process modeling (Wohed, 2006). 

As discussed earlier, PDT represents a modular decomposition of the control structure 

of a process, so the patterns that concern the control structure of process are relevant for 

the PDT. Therefore, for the scope of the study the control flow patterns are divided into 

two categories, control structure patterns, and patterns involving instances. The control 

structure patterns involve the aspects of process control such as sequence, parallel split 

i.e. it does not include the patterns that concern the instances of process. In contrast, the 

patterns involving instances involve the execution of a process such as multiple instance 

patterns and cancel activity etc. Below, the control structure patterns, their definitions 

and graphical representations are presented in Table 17. Following that, the control 

structure patterns and their equivalent decomposition patterns are presented.  

 

Pattern Description Modeling patterns 

Sequence An activity/part of process starts after 

completion of the preceding activity  

Parallel split A single control thread is split into 

multiple threads which have to execute 

in parallel  

Synchronization A set of parallel threads are converged 

into a single control thread 
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Exclusive Choice A single thread is followed by a thread 

chosen from several options, based on 

decision  
Simple merge A point where two or more threads come 

together without synchronization 

 
Multiple choice  A single thread is followed by one 

thread or more parallel threads, based on 

decision 
 

Synchronizing 

Merge 

A point where multiple threads converge 

into a single thread 

 
Multiple Merge  Two or more threads converge without 

synchronization into a single thread 

 

Table. 17: Control structure patterns based on (van der Aalst, 2003) 

The control structure patterns presented in Table 17 are first interpreted and their 

equivalent decomposition patterns are defined by using the decomposition operators 

discussed in Section 5.1.1. In Table 18 the control structure patterns, their interpretation 

and corresponding decomposition patterns are presented.  

 

Name Interpretation Decomposition Patterns 

 
B has to start after completion of 

A and C has to start after 

completion of B 
 

 

Both B and C has to start after 

completion of A 

 

 

C has to start after 

completion of both A and B  

 

 

Only one of the two (B or C) 

have to start after completion 

of A 

 

 

Only one of the two (A or B) 

has to complete before the 

start of C 
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On completing A, based on the 

decision one threat or more 

parallel threads among B, C and 

D have to execute 

 

Table. 18: Control structure patterns and their corresponding decomposition patterns 

5.1.3. Decomposition vertices 

The control structure of a process model consists of activities connected with each other 

by edges and routing nodes such as AND and OR etc. Decomposition or disintegration 

breaks a process into parts/components. The point (activity or routing node) from which 

parts of the process model are separated from each other is called decomposition vertex. 

A closely related concept that exists in literature is called separability. Separability refers 

to the deletion of a node that separates a process model into two or more components and 

cut-vertex is the node whose deletion separates the process model into multiple 

components (Mendling, 2008). The two concepts (separability and decomposition) are 

different in the following ways, a) in separability a node is deleted to separate a process 

model into two or more components, whereas in decomposition the outgoing edges of a 

node (activity or routing node) are deleted, b) as a result of separability one node, called 

cut-vertex, is deleted from the process model, whereas as a result of decomposition, 

decomposition vertex node is included in one of the parts.  

In a process model, a decomposition vertex could be an activity or an operator. Below 

we discuss the two and possible decomposition vertices and their alternative cases:  

−  Activity as a decomposition vertex. If an activity is a decomposition vertex, there are 

two possibilities, its output is connected to another activity or a connector. An 

assumption here is that an activity is connected to at most one element (activity or a 

connector) i.e. in order to connect an activity to more than one elements, a connector 

should be used. If a decomposition vertex A is followed by another activity B, the 

generated tree will have a sequentialAND (S^) from A to B i.e. the decomposition 

pattern corresponding to the sequence pattern. However if the decomposition vertex is 

followed by an operator, there are several cases depending upon the operator. The 

possible cases, examples and their corresponding decomposition operators are 

discussed below in Table 19. 

 

Cases of Operators Corresponding Decomposition Pattern 

If the operator is AND (split) Apply the decomposition pattern corresponding to the 

parallel split pattern 

If the operator is OR (split) Apply the decomposition pattern corresponding to the 

multiple choice pattern 

If the operator is XOR (split) Apply the decomposition pattern corresponding to the 

exclusive choice pattern 

If the operator is multiple choice 

(conditional routing) 

Apply the decomposition pattern corresponding to the 

multiple choice pattern  

Table. 19: Operators and their corresponding decomposition patterns 
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−  Operator as decomposition vertex. If an operator is a decomposition vertex, there are 

two possibilities, the operator is a, split i.e. a single input and multiple outputs, or a join 

i.e. multiple inputs single join, SESE i.e. single input and single output. As assumption 

is that the operator cannot be a composite of split and join i.e. it cannot have multiple 

inputs and multiple outputs. For both possibilities, the connector is not modeled in the 

process decomposition tree and relationship between its preceding and proceeding 

nodes are created by using the decomposition operators discussed earlier. In case of a 

split operator the corresponding decomposition patterns Table 18 remains relevant. In 

case the operator is a join operator the possible cases, examples and their corresponding 

decomposition operators are discussed below in Table 20. 

 

Cases of Operators Corresponding Decomposition Pattern 

If the operator is AND (join) Apply the decomposition pattern corresponding to the 

synchronization pattern 

If the operator is OR (join) Apply the decomposition pattern corresponding to the 

synchronization merge pattern 

If the operator is XOR (join) Apply the decomposition pattern corresponding to the 

exclusive choice pattern 

If the operator is multiple choice 

join (conditional merge) 

Apply the decomposition pattern corresponding to the 

synchronization merge pattern 

Table. 20: Operators and their corresponding decomposition patterns 

 

For the stroke diagnoses example presented in Chapter 4 we choose the OR operator 

(labeled as 'symptoms') as a decomposition vertex. As a result the process is decomposed 

into three parts (sub processes) initial examination, primary treatment and stroke 

examination, because the operator is of type single input multiple output. Initial 

examination is the first part that is followed by either primary treatment or stroke 

examination. Since, A has to executed followed by execution of one of the two parts, say 

B or C. Therefore, the operators used between them are composite sequential AND and 

decomposition OR. The produced decomposition tree is presented below in Figure 30. 

 

 

 

 

 

 

 
 

Figure 30: Process decomposition tree of the stroke diagnoses process 

5.2. Goal Decomposition Tree 
Process decomposition tree serves as a basis to identify the (performance) goals for the 

process i.e. the desired state of a process in terms of quality of service that is intended to 

be achieved by a process, and represented by a goal structure. A Goal Decomposition 

Tree (GDT) or simply goal structure is a hierarchical structure of goals aligned with the 
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modular decomposition of the control structure of a process model. GDT represents the 

states of the process in terms of performance that are intended to be achieved. Being 

aligned with process structure, GDT consists of sub-goals corresponding to different 

parts of a process whose achievement represents the achievement of the process goal. 

Also it helps in analyzing and identifying the parts of the process that hinders fulfillment 

of its goal. The concept of GDT is inspired by the goal tree (Simon, 2006), that was 

originally proposed for agent programming to generate a validated agent behavior. The 

nodes in the tree are the goals that an agent is supposed to achieve. For the scope of the 

study, some concepts of goal tree (proposed by (Simon, 2006)) are borrowed and tailored 

to fit our needs.  

Our goal decomposition tree is different from the goal tree presented in (Simon, 2006) 

in the sense that we shift from goal-agent coupling to goal-process coupling and that 

GDT is built along process structure.  Figure 31 depicts the concepts of GDT and their 

relationships. A GDT has a root node (called top goal) that refers to the goal of the 

process that is intended to be achieved. The top goal is decomposed or disintegrated into 

child-goals along the modular decomposition of the process. The goals corresponding to 

activities of a process are called leave goals. Each goal is measured in terms of a set of 

indicators and satisfaction condition of each indicator represents the desired values of 

each indicator.  

 

Figure 31: Metamodel of the Goal Decomposition Tree 

As discussed earlier, GDT is built along modular decomposition of a process. Therefore, 

the decomposition operators used for the PDT (presented in Section 5.1.1) should also be 

considered for GDT. However the meanings of the operators such as sequential AND 

have to be tailored to the context of goals. Consider a process P with two sequential 

activities A and B. The process decomposition tree has a sequential AND operator 

between A and B to indicate the order in which they should execute i.e. B follows A. A 

goal structure built along the process decomposition tree, will have a goal GP that 

represents the goal of the process, GA and GB representing the goal of activity A and B 

respectively and sequential AND operator between them. However, in the context of 
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goals the operator means that the goal GP of the process will be fulfilled if GA and GB are 

fulfilled in a sequence. In Table 21, the decomposition operators and their meanings in 

the context of goals are presented. In the middle column, we present the list of 

decomposition operators in the activity-centered decomposition, as named by (Simon, 

2006). The right column shows our proposal for their interpretation when the goals on 

the process activities are used as the decomposition’s basis. 

Type Operators Name &  

(Notation) 

Meaning the context of Goals 

AND 

Operators 

Decomposition AND 

(D˄) 

The D
˄ operator between two sub-goals means, both 

goals have to be fulfilled in parallel to fulfill their parent 

goal 

Composite AND (D▲) The D
▲ operator between more than two sub-goals 

means, all goals have to be fulfilled in parallel to fulfill 

their parent goal 

Sequential AND (S˄) The S
˄ operator between two sub-goals means, both 

goals have to be fulfilled in a serial to fulfill their parent 

goal 

Composite Sequential 

AND (S▲)  

The S
▲ operator between more than two sub-goals 

means, the goals have to be fulfilled in a specific order to 

fulfill their parent goal 

OR 

Operators 

Decomposition OR 

(D˅) 

The D˅ operator between two sub-goals means, one of 

the goals have to be fulfilled to fulfill their parent goal 

Composite OR (D▼) The D
▼ operator between more than two sub-goals 

means, one of all the goals have to be fulfilled to fulfill 

their parent goal 

Composite Sequential 

OR (S▼) 

The S
▼ operator between more than two sub-goals 

means, the goals have to be fulfilled in a specific order to 

fulfill their parent goal 

XOR 

Operators 

Decomposition XOR 

(D○) 

The D○ operator between two sub-goals means, only one 

of the goals have to be fulfilled to fulfill their parent goal 

Composite XOR (D●) The D
● operator between more than two sub-goals 

means, only one of all the goals have to be fulfilled to 

fulfill their parent goal 

Composite Sequential 

XOR (S●) 

The S
● operator between more than two sub-goals 

means, the goals have to be fulfilled in a specific order to 

fulfill their parent goal 

Condition 

Operators 

Condition 

Decomposition (D◊) 

The D
◊ operator between two sub-goals means, a 

specific goal have to be fulfilled in a certain condition to 

fulfill their parent goal 

Composite Condition 

(D◘) 

The D
◘ operator between more than two sub-goals 

means, certain goal/s have to be fulfilled in certain 

conditions to fulfill their parent goal 

Composite Sequential 

Condition (S◘) 

The S
◘ operator between more than two sub-goals 

means, certain goal/s have to be fulfilled in certain 

conditions and in certain order to fulfill their parent goal 

Table. 21: Operators and their corresponding decomposition patterns 
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The decomposition patterns for process decomposition tree are presented earlier in Table 

18. As discussed earlier, GDT is built along modular decomposition of process structure 

i.e. process decomposition tree. Therefore, the decomposition patterns for process, 

presented in Table 18 can be used for building GDT. Similarly, decomposition vertices 

are the same for Goal Decomposition Tree. 

For the stroke diagnoses process example, it is critical to timely perform MRI scan to 

diagnose stroke so that (if needed) Intravenous Trombolysis surgery can be performed 

within four hours of the arrival of patient. The goal for the stroke process therefore 

becomes, 'timely stroke diagnoses'. As discussed earlier, goal decomposition tree is a 

hierarical structure of goals that is build along the modular decomposition of process 

called process decomposition tree. For the stroke diagnoses example a modular 

decomposition of the example process is presented in Figure 30. The goal decomposition 

tree corresponding to the process decomposition tree presented in Figure 30 is presented 

below Figure 32. It is important to note that the process decomposition tree has three 

parts (initial examination, primary treatment and stroke examination), however the goal 

decomposition has two parts (initial examination and stroke examination). It is because, 

the goal primarily aim for timely stroke examination for timely diagnoses of stroke, 

however, if the stroke is not diagnosed there are no time constraints for the primary 

treatment.  

 

 

 

 

 
 

Figure 32: Goal decomposition tree for the stroke diagnoses process 

5.3. Method Step 1: Building Goal Structure 
In the preceding two sections, the two artifacts (process decomposition tree and goal 

decomposition tree) that are produced during this step of the method are introduced. In 

this section, we discuss the first step of the method which consists of three tasks, 

recursively analyze business process, identify goals of the process and decompose them, 

and identify criteria for fulfillment of goals. The tasks of this step and their ordering are 

depicted below in Figure 33. The outcome of the first task is a process decomposition 

tree and that of second and third step is a goal decomposition tree. 

In essence, during this step we first identify a business process of interest and elicit a 

set of top-level business goal(s) related to the process. Using the quality of service form, 

a top-level business goal expresses a desired future state that should be achieved by the 

execution of the process. For instance, in the healthcare domain, a top-level business goal 

is named as 'Stroke process should be efficient', or 'Stroke process should be patient-

centered'. Using the four process perspectives of (Curtis, 1992) as a classification and 

guideline basis, a set of process-related indicators are associated with the goal, for 

measuring its achievement. Once a top-level goal is elicited, it is decomposed into sub-

goals related with associating the established quality of service properties. Following 
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that, the indicators and fulfillment criteria for each indicator is defined. The first step 1 is 

elaborated below: 

 
 
 
 
 

 
 

 Figure 33: Tasks in the first step of the method  

 

The first task of this step is to recursively analyze a process from its functional 

perspective until the atomic activities are reached, where it is not possible to further 

identify sub-elements of a process. Formally, a Process P is disaggregated from the 

functional perspective, P = P1 θ P2 θ … θ Pn, where P1, P2,…,Pn are elements of P and θ 
is one of the decomposition operators discussed earlier. For each consequent sub-process 

P1 = P11 θ P12 θ … θ P1m, where A11, A12,…, A1m are activities of P1, etc. As discussed in 

the end of Section 5.1 the example stroke diagnoses process is decomposed into three 

parts, initial examination, primary treatment and stroke examination (see Figure 30). 

Each part is further disaggregated from functional perspective to form the complete 

process decomposition tree of the stroke diagnoses process. The generated process 

decomposition tree is presented below in Table 22.  

 

Process decomposition tree 

Stroke diagnoses process 
o Inital examination (composite sequential AND) 

• Registration (sequential AND) 
• Primary diagnoses 

o Primary treatment (decomposition OR) 
• Medication (sequential AND) 
• Send invoice 

o Stroke examination 
• MRI scan (sequential AND) 
• Send referral 

Table. 22: Process decomposition tree of the stroke diagnoses process 

 
The second task of this step is to identify the goals for the process, i.e. the desired 

performance of a process defined in terms of the quality of service that is needed to be 

considered for the analysis of process P. The functional decomposition of the process 

serves as a basis for constructing a goal tree(s). If G is a (top) goal for process P, that is 

disaggregated based on the functional decomposition of a process to form G = G1 θ G2 θ 
… θ Gn, where G1, G2,…,Gn are sub-goals of G, n represents the number of sub-

processes of process P identified by analyzing a process from functional perspective and 

θ is a decomposition operator. Similarly, for each consequent sub-goal, G1 = G11 θ G12 θ 
… θ G1m, where G11, G12,…, G1m are goals for activities of P1, etc. In the end of Section 

5.2, a goal (timely stroke diagnoses) is defined and goal decomposition tree is generated, 

Step 1: Build Goal Structure 

Task 1: Recursively analyze Business 

Process 

Task 2: Identify Goals of the Process & 

Decompose them 

Task 3: Identify criteria for fulfillment of 

goals 

Input: Process 

Design Framework 
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for the example stroke diagnoses process presented in Chapter 4, Figure 15. It is 

important to note that the process decomposition tree has three parts (initial examination, 

primary treatment and stroke examination), however the goal decomposition has two 

parts (initial examination and stroke examination). It is because, the goal primarily aim 

for timely stroke examination for timely diagnoses of stroke, however if the stroke is not 

diagnosed there are no time constraints for the primary treatment. The goal 

decomposition tree presented in Figure 30 is further decomposed along process 

decomposition tree. Accordingly, the generated goal decomposition tree is presented 

below in Table 23.  

 

Goal  decomposition tree 

Stroke diagnoses process 

o Timely initial examination (composite sequential AND) 

• Timely registration (sequential AND) 

• Timely primary diagnoses 

o Timely stroke examination 

• Timely MRI scan (sequential AND) 

• Timely Send referral 

Table. 23: Goal decomposition tree of the stroke diagnoses process 

 

The final task of this step to identify the criteria for measuring the fulfillment of the goals 

defined for the process. Identifying fulfillment criteria for goals is a bottom-up task in 

the sense that at first the indicators for measuring achievement of each goal are specified 

from the four perspectives (functional, behavioral, organizational and informational) of 

process design. Consider an activity ‘patient treatment’ of the stroke process and its goal 

‘timely patient treatment’. The indicators of the activity from the functional and 

behavioral perspective respectively are ‘delay during treatment’ and ‘delay before 

starting treatment’. Organizational and informational perspectives are not related to the 

time aspect (i.e. they are related to responsibility and the resource aspect); therefore, 

indicators from these perspectives are not defined. 

If G1m is a goal for process element P1m, identify indicators I1, I2, I3 and I4 for each 

perspective: (functional, I1), (behavioral, I2), (organizational, I3) and (informational, I4). 

For each indicator specify a satisfaction condition(s), where the satisfaction condition 

expresses the desired value (instance) of the indicator for identifying goal fulfillment. 

For the indicators I1, I2, I3 and I4, consider the specified satisfaction conditions are C1, C2, 

C3 and C4, respectively; where satisfaction condition for an indicator is the desired 

value(s) of the indicator that stakeholders aim to achieve for an indicator. When each 

satisfaction condition is satisfied i.e. (I1╞ C1) ^ (I2╞ C2) ^ (I3╞ C3) ^ (I4╞ C4), then all the 

satisfaction conditions are logically true; therefore, goal G is fulfilled (satisfied). For the 

goal decomposition tree of the example stroke process, indicators for each goal in the 

goal decomposition tree should be defined from each perspective (functional, behavioral, 

informational and organizational). However, by definition, the goal ‘timely’ refers to 

behavioral perspective that represents ‘when’ and ‘how’ elements of a process are 

performed, such as cycle time, execution order and delays etc. The indicators defined for 
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each goal of the goal decomposition tree and their examples of satisfaction conditions are 

presented below in Table 24.  

 

Goals Satisfaction conditions (behavioral 

perspective) 

o Timely initial examination Execution within 1 hour 

• Timely registration Execution within 15 hour 

• Timely primary diagnoses Execution within 45 hour 

o Timely stroke examination Execution within 2 hour 

• Timely MRI scan Execution within 1 hour 45 mins 

• Timely Send referral Execution within 15 minutes 

Table. 24: Satisfaction conditions for goals 

5.4. Summary 
In this chapter, we focused on the first step of our method (building goal structure) that is 

afterwards integrated with PW in order to navigate PW using goals. As a first step, we 

introduce the notation of process decomposition tree and goal decomposition tree. 

Subsequently, the first step of the method relies on the use of the outlined artifact is 

presented. Below, we summarize how our contribution fulfills / contributes towards 

fulfilling the requirements presented in the beginning of this chapter. 

− The method should support goal-based performance analysis and improvement of 

processes. A starting point to goal-based performance analysis and improvement is to 

develop a goal structure that is later integrated with PW and afterwards used for 

performance analysis and improvement. As a contribution towards fulfilling the first 

requirement, this chapter specifically focused on generating the goal structure  

− A reference point should be provided for consistent interpretation of numeric values 

(goal fulfillment criteria). Our approach to fulfilling this requirement is in three steps. 

In the first step, satisfaction conditions of each goal are defined; in the second step, the 

satisfaction condition is integrated with PW; whereas in the third step the satisfaction 

condition is used as a reference point for process analysis for consistent interpretation 

of numeric values (goal fulfillment criteria). The scope of this chapter is however 

limited to identifying the satisfaction condition of each goal, so this requirement is 

partially fulfilled in this chapter.  
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6. Integrate Goals with Process Warehouse 
This chapter focuses on the second step of our method, integrating goals with PW, and 

mainly contributes towards fulfilling two requirements, presented in the beginning of 

Chapter 4. The requirements are: it should be possible to identify and retrieve necessary 

and sufficient information for performance analysis and improvement of processes. The 

method should support the use of PW for process analysis without writing any code. 

Our solution to address the requirements is based on integration of the goal-structure 

generated from previous chapter with PW and navigation of PW using the goal structure. 

In this chapter, at first the related work is outlined in Section 6.1. Secondly, we present 

the design specification of our proposed PW in Section 6.2, which differs from 

traditional PW in a number of ways to fulfill the stated requirements. Subsequently, in 

Section 6.3 we extend the design specification of PW to integrate goals with PW in order 

to enhance the way users' access warehouse data. Finally, in Section 6.4 a set of 

operations for navigating PW using goals are defined to identify and retrieve necessary 

and sufficient information for performance analysis and improvement of processes. 

Figure 34 provides a visual overview of the sections of the chapter, where the dotted 

arrow signs show the ordering of the section and the solid arrow signs show the ordering 

as well as dependencies between different sections.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 34: Structure of the Chapter 

6.1. Related Work 
Data warehouse technology (together with decision support tools like online analytical 

process systems and data mining techniques (Chaudhuri, 1997)) has been implemented in 

several domains, such as healthcare and agriculture, to enhance the analytical capabilities 

of enterprises. However, the technology does not provide adequate bases for 
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performance analyses of business processes' execution. It is because the stored in data 

warehouse is extracted from transactional systems and thereby, lack in providing the 

facts concerning business process executions (Marjanovic, 2007) i.e. the information 

about start time of a process, end time of process, the activities executed for a process 

instance, the actors responsible for the execution of a process and resources consumed in 

a process are not captured in data warehouse. As a consequence, credible decisions on 

potential process improvements cannot be taken by using classical data warehouses 

(Grigori, 2008; Sayal, 2002; Casati, 2007). To overcome this problem the concept of 

process-oriented data warehouse (Casati, 2007), or simply process warehouse (PW) 

(List, 2000) has been introduced.  

During the last decade, studies related to business process analysis have focused on 

presenting toolsets like Business Process Cockpit (Sayal, 2002) and their architectures 

like Business Process Intelligence System (An, 2007). Process Warehouse (PW) is 

central to these tools and architectures that allow users to monitor, analyze and optimize 

processes. Despite the fact that these studies are conducted at different geographical 

locations and at different time intervals, a common thing among such solutions is the use 

of PW that captures information about running processes. 

Specific studies on PWs have been mainly focused on proposing the PW design 

specification (multidimensional data model), generic (Casati, 2007), or specific to a 

certain domain, like healthcare (Mansmann, 2007) and chemical engineering (Brandt, 

2006). Although some of these studies explicitly state that an excerpt of the data model is 

presented, analyses of PW design proposals conclude that the presented data models are 

incomplete and therefore cannot be used for analysis of business processes (Shahzad, 

2009b; Shahzad, 2009c). Brandt (Brandt, 2006) presented an extended design of PW that 

is capable of capturing two types of traces to facilitate the support of creative design 

processes. The types are, product and process traces. The former describe the properties 

and relationships of concrete design objects and later describe the history of actions that 

lead to the creation of the product objects. From the discussion, it can be concluded that 

the use of data warehouse technology is an established way for business process analysis.  

Kueng (Kueng, 2001) argued that to lower the barriers of PW use, system must be 

equipped with an easy data selection mechanism. In response to that, during the last 

decade a number of efforts have been reported on business orientation of data 

warehouses with an aim to facilitate users in using data warehouses. At first Sarda 

(Sarda, 2001) discussed the use of business metadata in data warehouse systems. 

Following that, Stefanov (Stefanov, 2007b) extended Sarda’s work and introduced an 

integrated view of data warehouse and enterprise models using model weaving links. The 

model weaving approach was also used to make the relationship between data warehouse 

and enterprise goals visible and accessible (Stefanov, 2006). The study focuses on 

providing this information to users within analysis tool to support and improve data 

interpretation. However, the details about what extensions should be made to data 

warehouse to capture information about goals and their relationship are not discussed. 

Addition to that, the benefit of the approach is limited to improve interpretation of data 

i.e. it does not facilitate the way users navigate data warehouse. 

In line with the business orientation of warehouse, Xie (Xie, 2007) reported the work 

being done at IBM to build a 'business-friendly' data warehouse using semantic web 

technology. The approach aims to make business semantics explicit in the form of a 
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Business Concept Model by using the concepts familiar to the data warehouse users such 

as classes, attributes and relationship. Then, a mapping from the business metadata to the 

schema of the data warehouse is made to enhance usability of data warehouse.  

Although the efforts to formally model a responsive warehouse are done in the context 

of data warehouse, such an effort has not been done in the context of PW. On the other 

hand, recent efforts (Pourshahid, 2008; Pourshahid, 2009; Shahzad, 2010) related to PW 

focus on developing methods and tools that can guide process managers for business 

process improvement using PW. In contrast to that, this step facilitates these users in 

using PW, by proposing a goal-driven access to the warehouse data. By providing goal-

driven access to warehouse data it, a) allows identification and retrieval of data that is 

necessarily required for a specific process analysis task, b) provides relevant dimensions 

for analysis, so the selection of appropriate dimensions for analysis that requires 

significant domain expertise can be avoided, and c) allows navigating PW without 

writing any code/query. 

6.2. Process Warehouse Design Specification 
As discussed in the preceding chapters, we aim for goal-driven performance analysis and 

improvement of processes, where goals are integrated with PW and afterwards the goals 

are used to navigation PW for performance analysis and deciding on improvement. Prior 

to discussing goals integration with PW, in this section, we present a generic PW design 

specification of our proposed PW. Subsequently, in the next section we extend the 

presented design specification to integrate goals with PW. The generic design 

specification (presented as a PW metamodel) encompasses existing PW design proposals 

by capturing common design aspects. The specification is extendable to instantiate 

specific cases.  

Intuitively, a generic specification (metamodel) for PW requires consideration of 

common business process concepts and frameworks. Therefore, we employ a process 

design framework (Curtis, 1992), a generic metamodel for business processes (Shahzad, 

2009d), to design a common metamodel for PW. In the following paragraphs, we 

describe them briefly:  

The process design framework proposed by (Curtis, 1992), is a conceptual framework 

that represents a business process in terms of four distinguished yet interrelated 

perspectives for analyzing and presenting process information (Korherr, 2008). The 

framework has been used in the past, for instance in (List, 2006), as a reference to 

achieve a comprehensive representation of process concepts and to ensure that basic 

building blocks are covered. The four perspectives of the framework are: functional, 

informational, organizational, and behavioral. Functional perspective concerns the 

elements of a process models that are performed i.e. the activities executed during the 

course of process execution. Behavioral perspective concerns the time and the order in 

which the elements process are performed i.e. through looping, advance branching and 

decision conditions etc. Organizational perspective concerns the place where process 

elements are performed and the participants who perform them i.e. distribution of 

responsibility for executing process activities. The main focus here is on the notion of the 

actor which can be an organization unit, a human or software. Informational perspective 

regards the resources imparted, consumed and produced by elements of a process. A 
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resource can be traditional, such as a product, or informational, such as data and/or 

artifacts. 

A metamodel for business processes is said to be generic if it represents core concepts 

of business processes independent of any process modeling language. Figure 35 shows a 

generic metamodel for business processes taken from a previous work (Shahzad, 2009d). 

According to the definition a business process consists of a set of activities, and a process 

may also have of sub-processes (Korherr, 2008). The execution of a business process is 

initiated by an event called start event and terminated by an event called end event. 

During process execution, activities execute in a specific order. Control flow defines the 

order in which activities can be executed and it can be of two types (List, 2006), 

operators and connection. During execution, an activity can consume, produce, or 

transfer a resource between participants, where, participants are the entities that can 

execute a task to take/transfer control of a resource (Shahzad, 2009d). 

 

Figure 35: A generic metamodel for Business Processes (Shahzad, 2009d) 

The proposed PW design specification spans across two levels, conceptual and 

implementation. At the conceptual level, we define the concepts needed to conceptualize 

PW design specification whereas at the implementation level, we present the concepts 

that should be implemented in PW. Figure 36 shows the relationship between the two 

levels, followed by a description of each level. 

 

 

 

 

 

 

 

 

Figure 36: The two levels of PW design specification 
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I. Conceptual level 

Here, we describe the concepts of the metamodel and the steps used to develop the 

metamodel of PW. 

Step1 - Basic Elements: Information in a data warehouse is structured into facts and 

dimensions (Silva, 2010; Prat, 2006). Since, PW is a special type of data warehouse, 

therefore, fact and dimension are the two fundamental elements of our PW metamodel 

and are used as a starting point for designing the metamodel for PW; where, fact is an 

item of interest and it is described through measures (Prat, 2006). Dimension describes 

the context in which a fact is to be analyzed (Chaudhuri, 1997). A dimension may be 

shared between facts and may have one or more aggregation levels which form the 

aggregation hierarchy (Stefanov, 2006; Prat, 2006). All these elements form the core 

warehouse metamodel and are represented by the un-shaded elements in Figure 37. 

Step2 - Classification of Measures: As a next step, we employ the process design 

framework to extend the metamodel with the four perspectives, functional, behavioral, 

organizational and informational. The perspectives explicitly represent the types of 

measures that should be captured in a PW. While some existing approaches, like the one 

in (Mansmann, 2007), either ignore facts or present a few measures in their PW design; 

these types can help by guiding users in identifying measures and ensures the 

identification of a more exhaustive set of measures. Obviously, the classification cannot 

guarantee that a complete set of measures will be identified. However, we assume that 

the use of classification reduces the complexity of analyzing a process (as argued by 

(Curtis, 1992)) and therefore yields an exhaustive list of measures. Also, it has been 

argued in literature (List, 2006) that these perspectives are relevant to adequately 

organize information about a process. These extensions to the metamodel are represented 

by shaded elements with thin boundaries in Figure 37.  

The functional perspective represents the facts related to the functions performed in a 

process e.g. duration of activity and idle time of an activity. Organizational perspective 

represents the facts related to entities in an organization that are relevant to the process 

e.g. number of actor types used in the process and the place where the activity was 

realized. Informational perspective represents the facts related to the data, objects/ 

resources imparted, transferred produced or consumed within a process e.g. amount of 

resource types used. Behavioral perspective represents the facts related to the event that 

launched activities, execution order or activity, cycle time, anomalous behavior, path, 

exception e.g. idle time between activities and waiting time.  

Step3 - Classification of Dimensions: As the next design step, we employ the generic 

business process metamodel for defining the warehouse dimension types based on the 

elements of business process metamodel. In addition to those, time and location 

dimensions are added in order to keep the time-variant property of warehouse and to 

keep information about the place in the enterprise where the process is executed. Also, 

from the study of an existing approach (Shahzad, 2009c), it is found that time dimension 

is modeled in all the studied existing PW proposals which additionally justify the use of 

the time dimension.  
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Figure 37: Conceptual level metamodel for PW (Shahzad, 2011a) 

By the definition, a process is a composed of a set of activities. Due to this hierarchical 

relation between process and activity, these two elements together form the activity 

dimension of PW. The event concept from the business process metamodel is directly 

added as a dimension, whereas two sub-classes (informational and tangible) are defined 

for resource concept. It is due to the reason that, based on the comparison and evaluation 

of existing approaches, presented in Chapter 5, we found that informational resources 

have not been modeled by most of the existing approaches. Therefore, the purpose of 

defining sub-classes is to emphasis the two major types of resources. For the same 

reason, two sub-classes (passive and active) are also defined for participant, where active 

participant in our case is the one who is responsible to perform an activity and passive is 

the one who is not responsible to perform the activity but involved in the activity. All 

these extensions to the metamodel are represented by shaded elements with solid 

boundary in Figure 37. In the stroke diagnoses process, the doctor who is responsible for 

the surgery is an active participant, whereas patient whose surgery is performed is a 

passive participant.  

In the proposed metamodel we have identified classes of dimensions, however to 

generate case specific dimensions, user can build several dimensions out of one 

dimension and/or merge some dimensions. Similar to facts, classification of dimension 

doesn’t guarantee complete set of dimension, however it works as a guideline to identify 

dimensions, reduces the complexity of identifying dimensions and likely yields an 

exhaustive list of dimensions. 

II. Implementation level 

The metamodel presented in Figure 37 describe the elements and their relationships 

which are needed to conceptualize PW. Given that a PW is implemented in the form of 

tables (dimension and fact tables) and a relationship between them, the conceptual level 

does not describe how the conceptualization should be implementation. Therefore, here 

we discuss the concepts that are needed to implement PW.  

A PW consists of fact tables and dimension tables. A fact table consists of two types of 

attributes, measures and key attributes. Measure are the item of interest that represent the 

execution performance of a process, whereas key attributes (primary and foreign key 

attributes) are used to related fact and dimension tables. A dimension table consists of 
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two types of attributes, dimension attributes and key attributes. The dimension attributes 

describes the context in which measures are to be analyzed, whereas key attributes 

(primary and foreign key attributes) are used to related fact and dimension tables. A 

dimension table can be normalized to reduce redundancy and as a result two or more 

dimension tables are generated with parent-child relation between them. This generated 

dimension level and an aggregation hierarchy is generated.  

The metamodel of the PW design specification at implementation level is presented in 

Figure 38. In the conceptual level design specification presented in Figure 37, the 

classifications of dimensions and facts are made explicit in order to reduce the 

complexity of analyzing a process and therefore yielding an exhaustive list of dimensions 

and measures. However, the classification is not explicit in the implementation level 

design specification presented in Figure 38. The reason is that, an exhaustive list of 

dimensions and facts are generated at conceptual level and conceptual level design 

specification serve as a basis for generating implementation level design specification. 

Therefore, it can be argued that the list of dimensions and measures at implementation 

level will automatically be exhaustive. 

 

Figure 38: Implementation level metamodel for PW 

6.3. Integrating Goals with PW 
In this section, we discuss the PW design specification discussed in the preceding 

section, in order to integrate goals with PW. Similar to our PW design specification, the 

proposed approach to goals integration with PW also spans across two levels, conceptual 

and implementation. At the conceptual level, we define the concepts needed to relate 

goals with PW, whereas at the implementation level, we present the proposed extensions 

to the PW design specification, needed to relate goal and PW at the data level. Figure 39 

shows the relationship between the two levels and the arrow sign shows the order in 

which the integration should take place. Specifically, the integration aims to serve 

several purposes: a) to retrieve necessary and sufficient information, b) support for a 

goal-based navigation through PW and hence an improvement of the way users access 

warehouse data, c) defining contextual information in the form of goals and satisfaction 
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conditions and hence enhancing the way users interpret data, i.e. ensuring correct data 

interpretation. Below, we describe each level in detail. 

 

 

 

 

 

 

 

 

 
 

Figure 39: The two levels of integrating goals with PW 

6.3.1. Integrating goals with PW: Conceptual Level 

In this section, we extend the metamodel of PW presented in Figure 37 to integrate goals 

with PW. In the context of this study, a goal is a measurable state of a process or a 

segment of a process, in terms of QoS (quality of service) property, that is intended to be 

achieved. Examples of goals are ‘efficient registration’ and ‘timely treatment’, where 

‘efficient’ and ‘timely’ are QoS properties and ‘registration’ and ‘treatment’ are sub-

processes of a healthcare process. From the definition, a goal is measurable therefore, a 

set of indicators can be defined for each goal, where indicators are a set of criteria in 

terms of which a goal can be measured. For each indicator a desired value called 

satisfaction condition (S) can also be defined, where satisfaction conditions of all 

indicators of a goal forms the satisfaction condition (Sg) of the goal, also referred to as 

fulfillment criteria of the goal. A satisfaction condition S is a coupling of desired value 

and context, represented by S (V, C). Desired value is the value that is intended to 

achieve and context represent the settings in which the value is valid. Consider an 

example of satisfaction condition, ‘one staff member should register patient’. In this 

example, the value ‘one’ is the desire value and context is ‘staff member’ (a participant) 

and ‘register patient’ (an activity). The desired value ‘one’ is not meaningful in the 

absence of the settings in the information is valid. Based on the discussion we add three 

elements to the metamodel presented in the Figure 37. These elements are goal, indicator 

and satisfaction condition (see the extended metamodel in Figure 40). The self loop on 

goal represents that a goal can participate in a goal structure, where the goal structure is 

build along functional decomposition of a process on which it is defined, as discussed in 

Chapter 5.  

A goal, through its indicators, is related with the measure and aggregation level – two 

elements of PW metamodel, as shown below in Figure 40.  

− The relationship between measure and indicator represents that an indicator of a 

goal can be directly represented as a measure (i.e. the concrete items of interest) or 

a function can be defined on top of measure/s to represent an indicator. Consider a 

fabricated example of a fact table Treatment [QtyofMedicatedPatients, 

QtyofOperatedPatients] and two indicators ‘Medicated Patients’ and ‘Treated 

Patients’ represented by I1 and I2 respectively, where I2 represents the total number 

Goal Integration with PW 
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of patients treated. I1 is represented by QtyofMedicatedPatients, whereas a single 

measure to represent I2 is not given in the Treatment fact. However, a SUM 

function can be defined on top of the two measures (QtyofMedicatedPatients, 

QtyofOperatedPatients) to represent I2. Earlier in the section, we proposed to use a 

classification of measures (functional, behavioral, organizational, informational) to 

yield an exhaustive list of measures, therefore it is reasonable to assume that for 

each indicator one or more corresponding measures can be identified from PW.   

− The relationship between aggregation level of dimension and indicator serves two 

purposes, a) to scope measures by aggregate (rollup) or detail (drilldown) 

operations (Prat, 2006). For that, it is important to first identify what aggregation 

levels (of dimensions) can be used to analyze the measures related with an 

indicator. Secondly, the relationship is important to correctly scope which 

instances of measures corresponds to the indicator. b) It helps to identify what 

contextual values can be used in the definition of satisfaction condition. As stated 

in the previous Chapter, satisfaction condition of each indicator is a coupling of 

context and desired value. The desired value is a possible instance of a measure 

and context is a set of values of dimension levels. For the Treatment fact table, 

consider a Time dimension with aggregation level Year, Month and Week. If the 

aggregation level is set of Year 2009 the QtyofMedicatedPatients gives the 

medicated patients quantity for the year 2009. 

 

Figure 40: Goal integration with PW: Conceptual level (Shahzad, 2011a) 

6.3.2. Integrating goals with PW: Implementation Level 

The metamodel presented in Figure 40 describe the elements and their relationships, 

which are used to integrate goals with PW, at the conceptual level. Given that a PW is 

implemented in the form of tables (dimension and fact tables) and a relationship between 

them, the conceptual level does not describe what changes should be made to dimension 

and fact tables of a PW to represent the records or segments of records that are related 

with goals. To capture the discussed information in PW we present what changes should 

be made to PW description.  

Our solution to the integration of goals with PW is a significantly refined form of 

Bebel’s approach (Bebel, 2004) to share data between versions of a data warehouse. 
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Their approach suggests addition of a set of bitmaps to a given record in order to capture 

information about all versions the record belongs to. Value of the bitmap attribute could 

be 1 or 0, where the values represent relevance and non-relevance of the complete 

record, respectively. By using the approach, as presented in (Bebel, 2004), it is not 

possible to represent relevance of a segment of record, whereas in our case a goal is 

related to a segment of record in most cases i.e. not to the whole record of dimension or 

fact table. Consider a simple example of a fact table with two measures, Patient 

[TreatmentDelay, RegistredPatientsQty] and two goals ‘timely treatment’ and ‘efficient 

registration’. The goals are respectively measured in terms of indicators, ‘Delay in 

Treatment’ and ‘Amount of Registered Patients’. In order to analyze a goal ‘timely 

treatment’, the records in TreatmentDelay are needed whereas the records in 

RegisteredPatientsQty are not needed. Similarly, to analyze a goal ‘efficient registration’ 

the records in RegistredPatientsQty are needed whereas records in TreatmentDelay are 

not needed.  

In order to relate goals with a complete PW record and with a segment of record, we 

propose two levels of integration, Schema and Data level. Schema level defines the 

tables and segment of a table (in terms of attributes) of PW that is relevant to a goal. This 

level captures what tables (dimension, fact) and attributes are related with goals through 

its indicators. Data level defines the specific instances (in terms of records) of the 

relevant tables (dimension and fact) that are related to the goal. In order to provide two 

levels of integration, our proposed PW design specification has two parts, Stable and 

Case-Specific. Below, we discuss how the two levels of integration (schema and data 

level) are provided by the two parts of PW design specification (stable and case-specific 

part). 

I. PW Design Specification: Stable part  

Our approach to capture schema level relationship is based on the addition of a stable 

part to PW. The stable part captures the information about goals, indicators, satisfaction 

conditions and information about the dimensions and facts that are related to each goal. 

Particularly for integration, this part captures what tables (dimension, fact) and segment 

of a table (in terms of attributes) are related with goals through its indicators. It is hard-

coded in the sense that its structure does not change when the process changes. The 

stable part is an extension to traditional PW in order to store information about goal 

structure and its relationship with PW structure, which is not possible in a traditional 

PW. Figure 41 shows the data model for the stable part of PW that we have hardcoded in 

our prototype (see prototype details in Chapter 8).  

The Goal and Goal_Structure tables capture information about goals and their 

relationship with other goals. The indicators and their relationship with goals are 

captured by Goal_Indicator and Indicator tables respectively. The satisfaction condition 

and their relationship with indicators and goals are captured in S_Condition and 

Indicator_SC tables respectively. Indicator_fact table captures the information about 

relevant fact tables and attributes, whereas Indicator_Dim captures information about 

dimensions and their attributes which corresponds to indicators. 
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Figure 41: Data model for stable part of PW (Shahzad, 2012) 

 

For the Patient fact table example, the name of goals ‘efficient registration’ and ‘timely 

treatment’ are captured in Goal table whereas name of related indicators and measures 

are stored in Indicator and Indicator_Fact tables. Due to primary-foreign key 

relationships in the metatables structure, goals and their related measures can be traced to 

each other through indicators. 

II. PW Design Specification: Case-specific part   

Our approach to capture data level relationship is based on case-specific part to PW. The 

case-specific part has dimensions, facts and information about the segment of record that 

is related with a goal. As discussed earlier, data level defines the instances (in terms of 

records) of the relevant tables (dimension and fact) that are related to the goal. 

Particularly, our approach to relate a record with a single goal or multiple goals is based 

on addition of bitmap/s to the dimension and fact tables. What is efficient about addition 

of bitmaps is that, we suggest addition of a bitmap to the PW tables that are defined 

relevant to a goal at schema level i.e. we negate the addition of bitmaps to each table for 

each goal to avoids unnecessary increase in size of PW. As the relationship is defined at 

two levels, Schema and Data, the value of the bitmap (1 or 0) does not represent the 

relevance or irrelevance of the complete record. Instead, the value 1 of bitmap for a goal 

represents the relevance of the record to the segment of the table defined at schema level.  

This part is different from traditional PW because it has dimensions and facts as well 

as bit-maps that are added to each record for goal integration with PW at data level. 

Figure 42 shows the metamodel model for the case-specific part of PW in which the 

extensions to implementation level PW design specification are represented by shaded 

elements. 

For the Patient fact table example, two goals ‘timely treatment’ and ‘efficient 

registration’ are related with the fact table. So, add two bitmap attributes G1 and G2 

corresponding to ‘timely treatment’ and ‘efficient registration’ respectively. The value 1 

or 0 of G1 or G2 does not represent the relevance or irrelevance of the complete record 

i.e. [TreatmentDelay, RegistredPatientsQty]. Instead the value 1 of G1 represents that 

the record of TreatmentDelay is related to related goal which in this case is ‘timely 

treatment’. 
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Figure 42: Implementation level metamodel for PW 

6.4. Goal-driven Navigation of PW 
As discussed in the beginning of the chapter, the aims of integrating goals with PW 

include retrieval of necessary and sufficient information and goal-based navigation of 

PW. These aims concern business experts' dependency on IT personnel to get the 

information about running systems. In the absence of adequate and sufficient methods 

and techniques business experts cannot navigate PW and a cognitive effort to extract and 

interpret information is increased, and hence does not bring any value for users 

(Muehlen, 2010). Our solution is based on navigation of PW using goals that allows 

retrieval of necessary and sufficient information due to the underlying finer relationship 

(i.e. schema and data level relationship) between goals and PW. 

For goal-driven navigation of PW, a set of navigation operations on goal structure and 

their effect on PW are defined below. These operations represent the different ways in 

which goals can be used to navigating PW. These operations are conceptually different 

from classical OLAP operations such as slice and dice operations however, the affect of 

these operations on PW is closer to a combination of slice and dice operations.  

In order to define and formulate operations on goal structure and their affect on PW we 

consider a PW design. Recall, PW design consists of a stable and case-specific part of 

PW. The operations are performed on goal structure and its effect on case-specific part of 

PW is described. These elements are latterly used for defining the operations. We 

consider the stable part of the PW (SPW) to be a collection of dimensions and facts. SPW = 

(D, F). Dimension includes attributes and instances. Di = ({A1, A2 ... An} , {I1, I2 ... In}), 

Fi = ({A1, A2 ... An} , {I1, I2 ... In}) where domain instance of dimensions. Let A1, A2 

….An be the attributes of the dimension. Data values Di1,Di2, … where I is the row id.  

Let G be a set of goals, which consists of a set of goals G = (G1, G2, ... Gn) and G1 = 

(G1.1, G1.2... G1.p),  G2 = (G2.1, G2.2... G2.r)... Gn = (Gn.1, Gn.2... Gn.s). 

Let S be the set of all possible instances of process elements, SD be a desired state, SA 

is the acquired state, R is a rational of the initiating condition, B is a set of business 

rules and PE represents a process element to which a business rule Bi concerns. PE of a 
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process could be a resource (produced, consumed or transferred during the process 

execution), an activity that is performed in a process, or an actor that performs an 

activity, or a process flow. Formally, an initiating condition C is defined as follows:  

The names of these operations are differentiated from PW so as to distinguish from 

classical operations. A combination of these operations is performed. Another reason is 

that these operations are performed on the goal structure. Consider G1 as a parent goal, 

having two child goals, G2 and G3, and G2, G3 are sibling goals. G2 is a parent with 

respect to G4 and G5. G1 is a root goal, whereas G3, G4 and G5 are leaf goals. The 

operations are as follows: 

• Traverse Down. Transverse down is navigation between levels of a goal structure, 

specifically from current level to the lower level. Therefore, a prerequisite, of this 

operation is that the current goal is a parent goal and it should have child goals. This 

operation aims to navigate from parent to its contiguous child goal, as a result of this 

operation a contiguous child goal is reached. Figure 43 (left side) shows the traverse 

down operation on a goal structure. As a result of traverse down operation, due to the 

underlying relationship between goals and PW at schema level, the dimensions 

related to the child-goal (newly reached goal) of a process are retrieved, which could 

be a new set of dimensions i.e. not necessarily a subset of the dimensions of the 

parent goal. Similarly, due to facts related to the child-goal of the process are 

retrieved, which could be a new set of facts i.e. not necessarily a subset of the facts of 

the parent goal. Regarding instances, due to the underlying relationship between 

goals and PW at data level, the instances of related dimensions and facts are 

retrieved. 

 

 

 

 

 

 

Figure 43: Traverse down (on left) and traverse up (on right) in the goal structure 

•  Traverse Up. Transverse up is navigation among levels of a goal structure, 

specifically from current level to the upper level. Therefore, a prerequisite, of this 

operation is that the current goal is a child goal and it should have a parent goal. This 

operation aims to navigate from child goal to its contiguous parent child goal, as a 

result of this operation a contiguous parent goal is reached. Figure 43 (right side) 

shows the traverse up operation on a goal structure. As a result of traverse up 

operation, due to the underlying relationship between goals and PW at schema level, 

the dimensions related to the parent-goal (newly reached goal) of the process are 

retrieved, which could be a new set of dimensions i.e. not necessarily a superset of 

the dimensions of the child goal. Similarly, due to facts related to the parent-goal of 

the process are retrieved, which could be a new set of facts i.e. not necessarily a 

superset of the facts of the parent goal. Regarding instances, due to the underlying 

relationship between goals and PW at data level, the instances of related dimensions 

and facts are retrieved. 
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• Traverse Across. Transverse across, is a navigation between goals at the same 

vertical level, specifically between goals with the same parent goal. Therefore, a 

prerequisite, of this operation is that the current goal is a child goal and it should 

have a parent and a sibling goal. This operation aims to navigate from one child goal 

to its contiguous sibling goal, as a result of this operation a contiguous sibling goal is 

reached. Figure 44 (left side) shows the traverse across operation on a goal structure. 

As a result of this operation, due to the underlying relationship between goals and 

PW at schema level, the dimensions related to the sibling-goal (newly reached goal) 

of the process are retrieved, which could be a new set of dimensions. Similarly, due 

to facts related to the goal of the process are retrieved, which could be a new set of 

facts. Regarding instances, due to the underlying relationship between goals and PW 

at data level, the instances of related dimensions and facts are retrieved.  

 

 

 

 
 

 

Figure 44: Traverse across (on left) and iterative traverse across (on right) in the goal structure 

 

•  Iterative Traverse Across. Iterative transverse across, is navigation between goals 

that are not closely related with the current goal but part of the same goal structure 

and common ancestor. Therefore, a prerequisite, of this operation is a parent and an 

ancestor goal and a sibling of the parent goal. This operation aims to navigate from 

one goal to another goal which has some common ancestors; as a result of this 

operation another goal is reached. Figure 44 (right side) shows the iterative traverse 

across operation on a goal structure. As a result of this operation, due to the 

underlying relationship between goals and PW at schema level, the dimensions 

related to the newly reached goal of the process are retrieved, which could be a new 

set of dimensions. Similarly, due to facts' relation with goals the facts related to the 

newly reached goal of the process are retrieved, which could be a new set of facts. 

Regarding instances, due to the underlying relationship between goals and PW at 

data level, the instances of related dimensions and facts are retrieved. 

6.5. Summary 
In this chapter, we have argued that the way users utilize PW can be enhanced by 

employing business orientation in the design. To achieve that, we have first proposed a 

generic PW design specification, which differs from traditional PW in a number of ways 

to fulfill the stated requirements. Subsequently, we extend the specification to integration 

goals with PW. Following that, a set of operations for navigating PW using goals are 

defined to identify and retrieve necessary and sufficient information for performance 

analysis and improvement of processes. Below, we summarize how our contribution 

fulfills / contributes towards fulfilling the requirements presented in the beginning of this 

chapter. 
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− The first requirement is the method should support the use of PW for performances 

analysis without writing any code. Our approach to fulfilling this requirement is based 

on the consideration of the needs of business process analysts and decision makers. 

These users prefer to analyze business performance with regards to business goals 

(Sarda, 2010; Stefanov, 2006). Our solution is therefore based on the traceability 

between the goals and the contents of the PW and integration of goals with PW. Also, 

the definition of satisfaction conditions of goals facilitate the way PW is used.  

− The second requirement is, it should be possible to identify and retrieve necessary 

and sufficient information for process analysis and thereby for process improvement. 

Our approach to fulfilling this requirement is in two steps. In the first step, goals are 

integrated with PW; whereas in the second step the goals are used to navigate PW and 

retrieve necessary and sufficient information, due to traceability between the PW and 

the goals. The scope of this chapter is however limited to integration of goals with PW, 

so this requirement is partially fulfilled in this chapter.  
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7. Performance Analysis and Improvement 
This chapter focuses on the third step of our method, use of PW for performance analysis 

and improvement of processes, and mainly contributes towards fulfilling three 

requirements, presented in Chapter 4. The requirements are: the method should support 

goal-based performance analysis and improvement of processes, the method should 

support performance analysis and improvement without writing any code, and the 

method should provide a step-by-step approach that can facilitate performance analysis 

and improvement of processes. 

As discussed in Chapter 1, the performance analysis aims to diagnose inefficiencies of 

agents and utilization of resources, and delay in execution of activities. However, the real 

purpose of analysis is not limited to analyzing execution behavior, but to take 

improvement actions in order to overcome the diagnosed inefficiencies. In the scope of 

this thesis, process improvement refers to at least a single change in one of the following: 

agent assigned to an activity, resource assigned to an activity, or change in the process 

structure. Agent assignment refers to the actor or the role (called actor type) responsible 

for performing an activity of a process. Resource assignment refers to the resource 

required to perform an activity of a process. The reason of including these two changes 

(agent assignment and resource assignment) is due to their potential impact on the 

performance of an activity. That is, the performance of activities in several cases is 

dependent on the suitability of agent i.e. its ability to perform the activity, as well as on 

the resource/s involved in the activity or needed for the activity. For instance, in the 

stroke diagnoses process example, MRI scan is used to diagnose stroke - a disease in 

which the brain functions are disturbed due to blood supply interruptions. If a stroke is 

diagnosed, the only treatment is a major surgery. 

Due to this dependency of the stroke diagnoses on the scan, it is necessary to assign the 

most appropriate agent for the scanning activity, in the example case a certified and 

experienced agent to operate the scanner and perform scanning. In addition to the agent's 

capabilities, the performance of the activity is also dependent on the availability and 

performance of resource, which in this case is an MRI scanner. For instance, if the 

scanner is out of order or replaced by the one with operating procedure, it may affect the 

performance of activity and that of the agent who is using the scanner. Similarly, it can 

be argued that a specific agent can use a specific resource to perform an activity better 

than another agent, due to some underlying real-world (intended or unintended) 

phenomena which includes personal preferences, user behavior, familiarity or affiliation 

with a specific resource. To summarize, beside changes in process structure, process 

improvement includes assignment of the most appropriate agent and resource to a 

specific activity. 

In this chapter, we first propose a suitability estimation model (in Section 7.1) to 

estimate the performance of agents and resources, in order to identify the most 

appropriate combination of agent and resource for an activity. Secondly, we introduce a 

decision relationship model (in Section 7.2) to define the set of concepts and relationship 

between the concepts that will be used in the third step of the method. Subsequently, in 

Section 7.3 the third step of method is presented that offers a step-by-step approach for 

performance analysis of business processes with the aim to elicit the directions of 

improvement. Figure 45 provides a visual overview of the sections of the chapter, where 
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the dotted arrow signs show the ordering of the section and the solid arrow signs show 

the ordering as well as dependencies between different sections. 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

 

 

Figure 45: Structure of the chapter 

7.1. Suitability Estimation Model 
In this section we propose a model for estimating the performance of a process, namely, 

suitability estimation model. The model ultimately aims to identify the most appropriate 

combination of agents and resources for an activity. As discussed earlier, the 

performance of activities in several cases is dependent on the suitability of agents i.e. its 

ability to perform the activity, as well as on the resources involved in the activity in any 

capacity (consumed or used). Due to this dependency of activity on agent and resource 

(in several cases), it is necessary to assign the most appropriate agent and resource to an 

activity. Similarly, there are cases that a specific agent can use a specific resource to 

perform an activity better than another agent, due to some underlying real world 

(intended or unintended) phenomena which includes personal preferences, user behavior, 

familiarity or affiliation with a specific resource. This leads us to propose a performance 

estimation model that spans across two levels, type level and instance level (details in the 

next paragraph). Our proposed suitability estimation model is rooted in the performance 

evaluation model presented in (Kamrani, 2011) for the evaluation of human agents' 

performance. (Kamrani, 2011) considers contribution of an agent to a specific task as a 

multiplication of agent's capabilities and weight of each capability for the task. In 

contrast, we consider the suitable of agent (like Doctor) as well as resource (like MRI 

scanner) for the task in hand; also we contend that an agent (like Doctor) and resource 

(like MRI scanner) as well as specific agent (like Dr Alin) and specific resource (like 

MRI scanner manufactured by Fonar2) can perform an activity better than another 

specific resource-agent combination. Therefore, we define a two level model (type level 

                                                           
2http://www.fonar.com - a leading manufacturer of MRI equipment 
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and instance level) for suitability estimation of agents and resources. The details of each 

level are as follows: 

Type level: These are meta-level qualifications or requirements on the agent(s) and 

resource(s) concerning an activity. This level, regards that the agents with right expertise 

and resource with right features are assigned to activities. For instance, in the MRI case a 

certified and experienced agent is needed for MRI scanning, and MRI machine (i.e. not 

any other machine) is needed for MRI scanning. 

There could be specific expertise needed for performing an activity, which serve as 

qualifications or requirements for the activity. For instance, in healthcare example, MRI 

scanning requires a certain qualification i.e. a neurosurgeon. Also, in several cases a 

resource or a set of resources are needed for an activity and there may be some expertise 

concerning the use of that resource. For instance, in the case of using MRI scanner a 

training and certification is needed. Similarly, agents have a set of expertise that they 

carry, such as training, education and experience etc. Performance of an activity can then 

be a coupling of the expertise needed for the activity and resource as well the expertise of 

the corresponding agent i.e. the match between the expertise needed for expertise needed 

to perform an activity and concerning the resource. 

(Kamrani, 2011) has argued that due to the effect of capabilities of agent, the quality of 

output or the value created by an agent in a process is computed by the weighted sum of 

the accumulated contributions of agents. Formally, an agent AGi having a set of expertise 

(e1, e2...en) and weight of each capability (w1, w2...wn). Accordingly, the value created by 

an agent Gi for an activity therefore becomes,  

υ(AGi) = ∑ ej wj ; j = 1, 2...n   .....................     (Kamrani, 2011) 

Similarly, we consider (e1, e2...em) be a set of expertise that concern a resource and the 

weight of each expertise (w1, w2...wm). The value created by a resource Ri therefore 

becomes,  

υ(Ri) = ∑ ek wk; k = 1, 2...m; 

To compute the value that a combination of these (resource, agent) create for an activity, 

we introduce a suitability metric. Suitability refers to the level of appropriateness that a 

combination of two can bring to an activity, which is computed by a suitability function 

µ. The suitability of an agent AGi for a resource Ri is computed by a suitability function 

µ(AGi, Ri). For computing its value, consider that there is a subset of expertise (e1, 

e2...ep) that an agent carries and are also needed for a resource. The suitability therefore 

becomes, 

µ(AGi, Ri) = υ(AGi) * υ(Ri)  where e = (e1, e2...ep) such that p < n and p<m; 

Similarly, the value created for an activity can also be defined based on the set of 

expertise (that it requires) and the weight of each expertise. Also, suitability of an agent 

for an activity as well as the suitability of a resource for an activity can be computed in a 

similar fashion. The most appropriate agent and resource assignment (τ) for an activity 

Ai can then be defined as: 

τ (Ai) = max { (µ(Gx, Rw) * µ(Rw, Ti) * µ(Gx, Ti)}   

where, w is the number of candidate resources & w = (w1, w2...wd),  

            x is the number of candidate agents & x = (x1, x2...xe);  

 

Instance level: These are the additional preferences or convenience such as personal 

preferences declared by an agent or by a resource. This level, regards that the preferences 
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associated with specific agent and resource for their assignment to activities. For 

instance, in the MRI case a neurosurgeon may have preferences in working hours or 

concerning the use of a specific scanner due to familiarity etc. 

There could be specific preferences associated with the activities, which serve as 

secondary-qualifications for the activity. Also, in some cases preferences or limitations 

may be associated with a resource needed for the activity. Similarly, agents may have 

proclaimed a set of preferences. To compute the comfort that a combination of these 

(resource, agent) have for an activity, we introduce a convenience metric. Convenience 

of an activity execution can be influenced by a coupling of the preferences for the 

activity and resource as well that of the corresponding agent. The convenience or 

satisfaction level of an agent is equal to the preference of agent and weight of each 

preference. Higher the value of convenience better is it for the process performance. 

Formally, an agent Pi having a set of preferences (p1, p2...pn) and weight of each preference 

(w1, w2...wn). The convenience of an agent Gi therefore becomes,  

ψ (Gi) = ∑ pj wj ; j = 1, 2...n 

Similarly, convenience of a resource can be computed by preference of a resource and 

weight of each preference. The convenience of an agent for a resource is computed by a 

function σ. For that, consider that (p1, p2...pq) are the non-conflicting preferences between 

agent and resource i.e. not all the expertise. Formally, the convenience of an agent Gi for 

a resource Ri is computed by a function σ (Gi, Ri). For computing its value, consider that 

there is a set of non-conflicting preferences (p1, p2...pr) that concern agent and a resource. 

The convenience therefore becomes, 

σ (Ri, Gi) = ψ(Ri) * ψ(Gi);  where p = (p1, p2...pr) such that p < n and p<m  

Similarly, convenience of an agent for an activity as well as that of a resource for an activity can 

be computed. The most preferred agent and resource assignment (ς) for an activity (Ai) can then 

become,  

ς  (Ai) = max { (µ(Gf, Rg) * µ(Rg, Ty) * µ(Gf, Ty)} 

where, f is the number of resources f = (f1, f2...fh),  

                                g is the number of resources g = (x1, x2...xs) 

The two level performance estimation model proposed above is later used for choosing 

appropriate agents and resource in order to improve execution performance of a process. 

7.2. The Decision Relationship Model  
In this section, we introduce a Decision Relationship Model (DRM) in order to define a 

set of concepts and relationship between those concepts that will be used for 

performance analysis and improvement of processes with an ultimate aim to improve the 

execution quality of those processes. In what follows, a set of definitions and the 

elements of DRM are presented, that are used in the rest of the chapter. For each 

presented element, formalism is used to provide its precise specification of the element. 

The specification serves as a template for defining instances of DRM elements. 

7.2.1. Preliminary Definitions 

Prior to defining and describing the elements of the Decision-Relationship Model 

(DRM), in this section we provide some preliminary definitions. These definitions are 

presented in (Shahzad, 2010) are afterwards used in the rest of the chapter for defining 
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the DRM elements, and for describing the model and the third step of the method, called 

performance analysis and improvement. 

Def 1. (Process Element). A process element is a module or part of a process. A 

process is a combination of process elements, where, a process element is an/a: activity, 

sub-process or a segment of a process. Process elements are generated as a result of 

decomposition or disintegration that breaks a process into parts/components. 

Def 2. (States). States are a set of all possible instances (or values) of all the attributes 

of the process elements that can be generated as a result of execution of the process. For 

the scope of this thesis, a state consists of values of the attributes of process elements 

(referred to quality of service properties like efficient and fast) and the instances of the 

case e.g. consumed resources is an process element attribute, whereas the name of the 

resource is an instance of the process element attribute. 

Def 3. (Desired State). The desired value of the attribute of a process element at a 

certain point of time is called a desired state and it is represented by SD. It is defined by 

goal and the desired state is represented by satisfaction condition of the goal. It is the 

same as satisfaction condition of the goal.  

Def 4. (Acquired State). Acquired state is the current value of an attribute of a process 

element at a point of time and it is represented by SA. 

Def 5. (Business Rule). It is a business constraint on an attribute of a process element 

that should be followed and it is represented by Bi. 

7.2.2. Elements of the Decision Relationship Model 

The concepts of the Decision-Relationship Model (DRM) and their relationships are 

presented in Figure 46. The DRM consists of the following five elements: Initiating 

Condition, Goal, Decision-Associated-Information (DAI), Decision, and Action (for 

more details see (Shahzad, 2010). Below, we define and describe each element of our 

model with examples, as defined in (Shahzad, 2010): 

 

 

 

 

 

 

 

Figure 46: Decision Relationship Model (Shahzad, 2010) 

 

a) Initiating Condition: An acquired state of a process element is called an initiating 

condition if one of the following conditions is met; the acquired state violates a business 

rule, acquired state is not equal to desired state, or a predefined time is reached. It refers 

to the cause that triggers the need for analysis of a business process. The cause could be 

the occurrence of an event, for example in a stroke process, a delay in diagnoses of 

stroke, or a predefined time slot, e.g. monthly review. As discussed earlier, the reasons of 

an initiating condition could be one of the following, business rule violation, reaching a 

time slot, or missing the desired state. For example, if the business rule is ‘treat patient 
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within 4 hours of arrival’ and the acquired state is ‘patient treatment after 5 hours’. The 

acquired state is an initiating condition because the acquired state violates the business 

rules. Formally, it is stated as, patient should be registered within an hour [desired state], 

registration of patient after 2 hours [acquired state]. In the example the business rule is 

similar to the acquired state i.e. patient should be within first hour of arrival [business 

rule]. Therefore the [rational] of the example becomes, 'business rule is violated'.  

Let S be the set of all possible states of process elements, SD is the desired state, SA is 

the acquired state, R is the rational of an initiating condition, B is the set of business rules 

and PE is the process element to which a business rule Bi corresponds. PE of a process 

could be a resource (produced, consumed or transferred during the process execution), an 

activity that is performed in a process, or an actor that performs an activity, or a process 

flow. Formally, an initiating condition C defined in (Shahzad, 2010) is as follows:  

C = < SD, SA, Bi, R > 
where:  

S = {S1, S2, …. Sn} ; n ≥ 1 

SD = {SD is a desired state, SD Є S} 

SA = {SA  is an acquiredstate, SA Є S} 

Bi = {Bi is a business rule on PE, Bi Є B };  

R Є  { SA[PE] →׀ Bi, SA ≠ SD , T} 

Where, →| represents ‘conflicts’ 

 

b) Goal: A goal is a quality of service state of a process element that is intended to 

achieve. Goal on a process element are defined based on the initiating condition i.e. goal 

depends upon the condition that triggers the need for making a decision. Also, the goal is 

defined on a process element on which condition is defined. 

The goal element in the DRM refers to a goal that is set for a process or part of a 

process in order to define the desired state of the process under consideration. A goal is a 

process state or part of a process defined that is intended to be achieved. It is a 

combination of goal definition and desired state (called satisfaction condition). Recall, in 

Chapter 5.4, goals are defined and their fulfillment criteria are also defined. For example, 

a goal regarding registration of patients concerns the time to register patient. The 

satisfaction condition of the goal is ‘register patient within an hour of his/her arrival’.  

Let G is a goal, PE is the process element on which the goal is defined, SD is the 

desired state, QS is the quality of service and GD is the definition of goal. Formalism of 

the goal G as defined in (Shahzad, 2010) becomes:  

G = < GD, SD >; 
Where  GD  = <QS, PE, Feature> 

Feature Є {avoid, acquire, maintain} 

The possible set of values of ‘Feature’ is very large and cannot be captured, therefore we 

only present three classes of values: acquire, avoid and maintain in which they can be 

classified. 

 

c) Decision Associated Information: The information about executed business processes 

that must be considered for analysis and decision making is called Decision Associated 

Information (DAI).  
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The satisfaction condition in the DRM is the intended value of the indicator of goals. 

For example, for the indicator ‘delay in stroke treatment’ the satisfaction condition is 

‘within four hours’. In DRM, DAI serves the following two purposes: a) it provides 

information. whether a goal is achieved or not, b) it provides basis for analysis of process 

execution i.e. by analyzing DAI available alternatives can be evaluated and it facilitates 

the selection of an appropriate alternative. In this study, the source of DAI is process 

warehouse, due to the underlying relationship between goals and process by navigation 

operations defined in the previous chapter. 

Let DAI be the decision associated information for decision D. Semi-structured 

formulation of DAI for goal a G (such that G Є G’; where G’ is a set of goals of a process 

in the form of a goal structure, that are intended to achieve. Formalism of the DAI as 

defined in (Shahzad, 2010) is as follows: 

DAI =  < PID, TI, PI > 
PID is identifier of the business process, 

TI is temporal information about the process 

PI is the information about one or more perspectives of the process.  

 

d) Decision: Decision is a directive of course of action/s to achieve the desired state of a 

process element based on DAI (Shahzad, 2010).  

The decision element in the DRM refers to the directive of the course of action for a 

process entity that could result in process improvement. Here, the process entity could be 

an assigned actor, assigned resource related to the process or an element (sub-process or 

activity) of a process (Shahzad, 2009d; Shahzad, 2012). A decision is a result of a 

decision making activity (Prakash, 2004), which is a cognitive process in which a set of 

alternatives are evaluated in consultation with DAI and an appropriate directive is 

selected (Prakash, 2004; Prakash, 2008). In this case, the decision making activity 

considers the conclusions derived from the comparison of satisfaction conditions of goals 

and acquired states. A decision is a combination of process element on which decision is 

taken, its quality of service property, the feature value of the process element, the desired 

state, the directive to acquire the desired state and justification of the decision. 

Let D be the decision, PE represent a process element, Qs  is the quality of service 

property, Feature is value, Dir is the suitable course of action, SD be the desired state and 

J is the justification of the chosen directive based on decision association information 

(DAI). Formalism of decision D as defined in (Shahzad, 2010) is:  

D = < PE, Qs, Dir, SD, J > 
Dir is the suitable course of action 

J = [DAIi ⇒ Dir] such that i ≥ 1; 

 

d) Process Change: Process change refers to the concrete step (action) or process 

improvement that is needed to implement a decision. It is realization of a decision i.e. a 

workable procedure for implementing a decision. In order to realize a decision one or 

more actions could be needed to achieve a goal. Recall, from Section 7.2, process 

improvement refers to at least a single change in agent assigned to an activity, resource 

assigned to an activity, or change in the process structure. If D is a decision for which 

process change or workable procedure is defined and ST be a set of steps or 
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improvements in which the decision can be implemented. Formalism for a process 

change (PC) as defined in (Shahzad, 2010): 

PC = < D, ST >  
ST = <AG, RS , PEA>  

AG   is agent assigned to an activity 

RS  is resource associated with an activity 

PEA is the activity to which agents and resources are allocated 

7.3. Analyze and Improve Business Process 
In this section, a step-by-step approach is described that focuses on utilizing the PW for 

the performance analysis and improvement of processes. This is done by identifying the 

problems the execution of a process that hinders the goal fulfillment and making changes 

to processes that can eradicate these problems. The step of the methods consists of the 

following five tasks: condition identification, goal identification, information analysis, 

decision elicitation and process changes solution (Shahzad, 2011). The workflow of the 

tasks is depicted in Figure 47 followed by a brief description of each task.  

   

 

 

 

 

 

 

 

 
 

 

 

 

Figure 47: Workflow for Step 3: Analyze and Improve Business Process (Shahzad, 2011) 

I. Task 1 - Condition Identification 

The first task in process analysis is the identification of the initiating condition. As 

discussed earlier, the initiating condition could be the occurrence of an event that triggers 

the need for analysis of a process, such as '5 hours delay in the treatment of a stroke 

patient', or reaching a predefined temporal state. Consider that an event E occurred that 

triggers the need for analysis of P1 - a module of business process P. From Chapter 5.3, 

P1 = P11 θ P12 θ … θ P1m. 

To remind, desired state (satisfaction condition of a goal) and acquired state are given 

instances of a process element at a certain point of time. Therefore, the reason for 

initiating the condition is defined by comparing the desired and the acquired state of a 

process element, or based on the current temporal state. Examples of reasons are, a) if 

desired state is, register patient within first hour of arrival and acquired state is 

registration after 2 hours, the rational for the initiating condition becomes, desire state 

and acquired state are not equal, b) if temporal state is, end of every month and currently 
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end of the month is reached the reason (rational - R) for initiating the condition becomes, 

temporal state is reached.  

Below, a set of principles are defined which guides the identification of the rational (R) 

of the initiating condition. The principles presented below are defined in (Shahzad, 

2010). 

Principle 1: Initiating Condition is defined by using the set of states of a process element 

under observation. If at a certain point of time, instance of a process element in terms of 

quality of service contradicts with a business rule the rational of the condition is of the 

form ‘element violates business rule’. It is a combination of process element and the 

business rule that is violated. Formally, the principle is presented as:  

FOR SA [PE] →| Bi ; ∀ values of SA [PE] and SD [PE] 

Where, →| represents ‘conflicts’ 

R ≡ (SA [PE] violates Bi)  

Principle 2: If at a certain point of time, the instance of a process element in terms of 

quality of service is not equal to the satisfaction of the process element, the rational of 

the condition is of the form ‘desire state is not achieved’. Formally, 

FOR SA [PE] ≠ SD [PE] 

R is ≡ SD ¬ achieved 

Principle 3: Independent of what is the desired and acquired state of a process element, 

if the reason is temporal the rational of the condition is of the “temporal state” type. 

Formally, 

R ≡  T 

II. Task 2 - Goal Identification:  

The second task of this step is to choose a goal structure or a set of goals from the goal 

structure built in the first step of the method (presented in Chapter 5) in order to examine 

the fulfillment of the chosen goals against the real process data stored in the warehouse. 

The initiating condition serves as a basis for choosing an appropriate goal structure or a 

sub-structure. If the condition concerns only a segment of a process (sub-processes or 

selected activities of a process) the goal structure is chosen from the corresponding node 

in the goal structure. In order to access whether the chosen goals are fulfilled or not the 

satisfaction conditions of the goals and the real process data are retrieved from the 

process warehouse. A sub-goal is satisfied if and only if, all the satisfaction conditions 

for all the sub-goal’s indicators are satisfied. In the case more sub-goals are considered, 

the conclusion on their satisfaction is influenced by the decomposition operators, such as 

decomposition AND, sequential AND, decomposition OR etc. (see Chapter 5 for 

decomposition operators). Formally, when an event E occurs for a process P1, the chosen 

goal for P1 is G1, where G1 = G11 θ G12 θ … θ G1m. The satisfaction conditions (C1, C2, 

C3, C4) and facts (F1, F2, F3, F4) for goal G1 are extracted from the warehouse.  

III. Task 3 - Information Analysis:  

The third task of this step is to analyze the information extracted from process warehouse  

to conclude whether the goal is fulfilled or not. The analysis relies on comparing the 

satisfaction condition of each goal with the values (facts) acquired from the processes. 

The conclusions generated as a result of the analysis are defined in the form of 
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information predicates; where information predicate is a small conclusion obtained by 

comparing the satisfaction condition with the acquired values (facts) of the processes. 

Formally C1, C2, C3 and C4 are compared with F1, F2, F3 and F4, respectively, to identify 

whether G1 is fulfilled or not. As discussed in earlier section, a goal is achieved if and 

only if all the values of the facts are equal to the satisfaction conditions. 

In case a goal is fulfilled, a further performance analysis of the process is not needed. 

However, if the goal is not fulfilled, this indicates that at least one sub-goal in the goal 

structure is not fulfilled. In order to identify the sub-goals that are not fulfilled the above 

tasks are repeated for each goal in the selected goal sub-structure until the leaf goals are 

reached, i.e. repeat the previous task and this task for G11, G12 … G1m to identify the leaf 

goal that is not achieved. As a result of this task, a set of leaf goals that remains 

unfulfilled are identified which leads to un-fulfillment of a parent goal. Consider, it is 

found that a leaf goal (say G12) is unfulfilled, which leads to un-fulfillment of goal G1. 

IV. Task 4 - Decision Elicitation:  

In the fourth task of this step the information predicates identified in the preceding step 

are used to elicit a decision on the process improvement i.e. to elicit a decision whose 

realization can lead to goal fulfillment. The act of eliciting decision, called decision 

making is a manual activity that is conducted through a cognitive process. In this 

activity, alternatives are compared and evaluated in order to choose the most suitable 

alternative in consultation with the information predicates. From the previous task it is 

known that G12 are not achieved and as a consequence its parent goal G1 is not achieved. 

As a result of this task (decision elicitation) a decision D12 is taken such that the 

realization of D12 can lead to the achievement of goal G12. The decision is elicited 

manually based on rational of initiating condition and goal definition and in consultation 

with DAI. 

Realization of a decision particularly concern changes in the process of interest, in 

terms of at least one process perspective; where the process perspectives are, functional, 

behavioral, informational and organizational. For instance, process changes from the 

organizational perspective are 'add a new responsibility type' (such as a patient, registrar 

or a doctor), 'increase or decrease the quantity of a responsibility' (such as number of 

doctors), 'remove a responsibility type' (such as a removing nurses), etc. In what follows, 

we present some principles which infer defining directives (a part of decision definition). 

The principles presented below are defined in (Shahzad, 2010). 

Principle 4: If rational of the initiating condition is that acquired state violates business 

rule and goal is of the form avoid violation of business rule, directive is such that the Bi 

violation is avoided. Formally, this is expressed as: 

FOR R ≡ (SA[PE] violates Bi) ;  

      AND GD ≡ avoid violation of Bi; 

Dir is such that Bi violation could be avoided 

Principle 5: If desired and acquired states are not equal and goal is of the form acquire 

the desired state, directive is such that the difference between desired and acquired state 

is overcomed. Formally, this is expressed as: 
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FOR R  ≡ SD ¬ achieved 

AND GD is ≡ acquire SD [PE]  

                        Dir is such that Difference (SD [PE], SA [PE]) is overcomed 

 

Principle 6: If rational of the initiating condition is time slot and acquired state is equal 

to desired state, directive is such that the acquired state is maintained. Formally, this is 

expressed as: 

FOR R  ≡ T 

AND SD [PE] = SA [PE]) 

Dir is such that SA [PE] is maintained 

V. Task 5 - Process Change Solution: 

In the final task of this step the decision is implemented in the form of process change(s) 

that leads to eventual process improvement. In this step, the result of decision gives rise 

to atomic process improvements. Recall, from Section 7.2, process improvement refers 

to at least a single change in agent assigned to an activity, resource assigned to an 

activity, or change in the process structure.  

For changes to business process, a pattern-based approach is used. The first preference 

to improve a process is to reorganize resources and agent assignment i.e. choosing the 

most appropriate agent and resource for an activity. The patterns related to resource are 

grouped into informational perspective, whereas the ones related to agent are grouped 

into organizational perspective in Table 25. The choice of patterns is based on the 

suitability estimation model, presented in Section 7.1. The estimation model is suggested 

to be used for relative performance evaluation rather than absolute performance. This 

means that the estimation facilitates the choice of best combination among the available 

peers i.e. the one that best fits rather than that is most desired.  

 

Informational Add resource type,   Add resource, Remove resource type, Remove resource, 
Substitute resource type, Substitute resource, Substitute resource 

Organizational Add new agent type, Add a new agent, Remove agent type, Remove an 
agent, Substitute an agent type, Substitute an agent 

Table. 25: Process improvement patterns related to agent and resource assignement (Shahzad, 2011) 

If there is a need to improve process structure or the ordering of activities. The patterns 

related to activities are grouped into functional perspective, whereas the ones related to 

control flow are grouped into behavioral perspective in Table 26.  

 

Functional Add activity/sub-process, Eliminate activity/sub-process, Replace activity/sub-
process, Automate activity/ sub-process, Move activity/sub-process 

Behavioral Add condition, Remove condition, Substitute condition, Move condition, Add 
condition, Update condition, Sequence to parallel, Parallel to sequence add concurrency, 
Reorder sequence, Change Iteration 

Table. 26: Process Improvement patterns related to process structure (Shahzad, 2011) 

Shahzad et. al., (Shahzad, 2011) has argued, in case several alternative goals are 

considered during process analysis, or several alternative decisions are elicited, it is of 

benefit to have a mechanism to evaluate the consequences of different process change 

patterns. (Mansar, 2005) identified four common process impact factors to evaluate 
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process change patterns: time, cost, quality, and flexibility. For an illustration of the use 

process impact factors on the stroke process, consider that the goal ‘register patient is 

efficient’ is not satisfied because nurses are involved in the patient registration. Before 

choosing one or more process improvement patterns, from the set of alternative patterns 

presented in Table 25, it is important to assess the patterns’ effect on the process. In 

Table 27 we have considered two pattern examples: the first, 'remove responsibility', and 

the second, 'substitute responsibility type'.  If nurses are removed from the register 

patient activity, the time for the registration will increase and since the nurses can be 

used at some other place the cost of the process will decrease. However, the quality and 

flexibility will not be affected. To exemplify how different patterns may have different 

effects, we consider that another option is to substitute the nurses with registrars, who are 

trained for registration. Now, the activity time will decrease and the quality will increase, 

because registrars are more skilled than nurses for performing the activity and the 

activity cost will decrease due to a lower cost of the registrars compared to nurses. 
 

Process Improvement Patterns Time Cost Quality Flexibility 

Remove responsibility +/+ -/- N/A N/A 

Substitute responsibility type (nurse by registrar) -/- -/- +/+ N/A 

+/+ Increase +/- may increase -/- Decrease N/A  Not applicable 

Table. 27: Effects of process improvement patterns (Shahzad, 2011) 

In order to increase the usability of the proposed method, we have developed a prototype. 

The details of the implementation are presented in the next chapter. 

7.4. Summary 
In the thesis, a three-step method is introduced aiming at goal-driven analysis and 

improvement of business processes. This chapter particularly focuses on the third step of 

the method to describe the way users' utilize PW for performance analysis and 

improvement of processes. 

As a starting point, the work that is closely related to this are discussed and its 

differences from our work are explained. Subsequently, the concept of business process 

improvement as considered in the scope of this thesis is discussed. Following that, a 

mathematical model for performance estimation of agents and resource is presented. 

After that, a Decision Relationship Model that involves several well-defined components 

in a semi-formal manner is introduced. It offers the essential knowledge needed for 

analysis and improvement of processes. Subsequently, a structured way of using the 

process data for analysis and decision making is described.  
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8. Prototype Implementation and Method 
Illustration 

(Awad, 2010) has argued that by implementing, the contributions can be better 

communicated and more valuable feedback can be gained, and testing with real world 

scenarios refines and reshapes the contribution. Aligned with that, to demonstrate the 

applicability of the proposed method and to facilitate the use of the method, we have 

implemented a corresponding prototype. This is followed by an illustration of the 

proposed method for performance analysis and improvement of a real world healthcare 

process. 

8.1. The Prototype 
The prototype is implemented using C# for user interface and backend MySQL for 

backend. However, with an OledDbConnection it can work on top of other relational 

database management system such as Microsoft's Access and Microsoft's SQL Server 

etc. The case specific part is implemented in a relational database management system 

and the available scripts can automatically implement the stable part of PW. This chapter 

describes how the prototype implements some steps of the method and how it some 

supports other steps of the method. The relationships of the prototype and the three steps 

of the method are shown below in Figure 48. For the first step, the prototype allows 

designing goal structure (output of the first step) and storing it in PW. For the second 

step, the prototype provides a graphical user interface to integrate goals with PW. For the 

third steps the prototype allows navigation of PW and auto-retrieval of relevant 

information from PW.  

  

 

 

 

 

 

 

 

 

 

 

 

Figure 48: Prototype relationship with the steps of the method 

An excerpt set of use cases is presented in Figure 49 that serves as a basis for designing 

the prototype. Accordingly, the modules (goal module, linkage module and analysis 

module) of the prototype perform specific functions. The overall architecture of the 

implemented prototype including its modules and the relationship between different 

modules are shown in Figure 50. Also, the roles that can interact with different modules 

are specified. Below, a description of each module of the prototype is presented. 
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Figure 49: Use case Diagram (a simplified form) 

 

Figure 50: Architecture of the prototype (Shahzad, 2012) 

8.1.1. Goal Module:  

This module of the prototype corresponds to the first step of the method, build goal 

structure i.e. the implementation of this module support the first step of the method. 

Using this module the specification of the goal structure, produced as a result of the first 

step of the method, is added to the prototype. The goal specification includes a definition 

of the goals and the indicators of the goals in terms of four process perspectives 

(functional, behavioral, organizational, informational). The user interface of the module 

is presented in shown in Figure 51. Using this module, new goals can be added, which 

can be connected with existing goals, new indicators can be added and goals can be 

connected with indicators. On defining a goal in the goal module, the data related to the 

goal specification and its relationship to other goals is collected by the goal manager 

component stored it in the stable part of the PW. Also, the component is responsible for 

updating the relevant data, i.e. if a goal or its relationship changes. 

8.1.2. Linkage Module 

This module of the prototype corresponds to the second step of the method (integrate 

goals with PW) i.e. the implementation of this module support the goal-PW integration, 

in such a way that goals can be traced to and from the PW. In order to use this module of 
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the prototype, at first a core PW is implemented. Following that, the added goal structure 

(added from goal module) is related to PW (i.e. goals are related with PW through 

indicators). The interactive interface of the linkage module facilitates the goal-PW 

integration by loading the goal structure in the left pane and PW in the right pane and 

providing a graphic-based means to define manually the links between them, as shown in 

Figure 52. Once the mapping is defined, the linkage manager - a component of the 

linkage module, captures the relevant meta information about goals, indicators, and 

corresponding dimensions and facts from the PW, and stores that information in the 

stable part of the PW.  

 
Figure 51: User interface of the goal module 

 

 

Figure 52: User interface of the linkage module  
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8.1.3. Analysis Module 

This module of the prototype corresponds to the third step of the method (analyze and 

improve business process) i.e. the implementation of this module support goal-based 

utilization of PW for performance analysis and improvement of processes. The user 

interface (called analysis interface) of the analysis module is presented in Figure 53. The 

left pane in the figure is a goal explorer that allows the choice of a goal-structure or a 

segment of the goal-structure for process analysis. In addition to the choice of goal-

structure, the level of analysis can also be specified. The module allows two levels of 

analysis, single process instance or multi-instance. The former allows the analysis of a 

particular instance of a process; therefore, the user further specifies the process instance 

that s/he intends to analyze. The later allows the aggregate analysis of all instances of the 

process under consideration, i.e. a value of fact represents an aggregation of all the 

process instances. Once the specification (goal and level of analysis) is selected, the 

analysis module automatically extracts the dimensions and facts about the executed 

process instance(s) and satisfaction condition of the selected goal. For automatic 

extraction the analysis manager (a component of the analysis module) interacts with the 

linkage manager (a component of the linkage module) to identify the names of facts and 

dimensions related to the chosen goal. On acquiring the names of facts and dimensions 

the analysis manager component extracts the instances of dimensions and facts from PW 

by applying the selected level of analysis. Finally, the generated results are displayed in a 

tabular form as shown below in Figure 53. 

 

 

Figure 53: User interface of the analysis module (a segment) 
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8.2. Illustration of the Method 
In order to demonstrate the applicability of the proposed method we illustrate an 

application of the proposed method for a Swedish health-care process. analyzed within 

the VIPPA project3. The process and its inherent problems was modeled based on the 

interviews with stakeholders and structured problem analysis.  

Cerebravascular accident (CVA) or simply stroke, is a life-threatening disease, in 

which the brain functions are disturbed due to interruption in blood supplies. A key 

technique to diagnose stroke is the use of Magnetic Resonance Imaging scan (MRI scan). 

If stroke is diagnosed for a patient, the only treatment is a major surgery, formally, called 

intravenous trombolysis. Following surgery, the patient is admitted to a ward for post-

surgery observations. If no symptoms of stroke are observed, the patient is discharged. In 

order to illustrate the proposed method a segment of the stroke process (discharge 

process) is shown below in Figure 54.  

 

Figure 54: The discharge process (Shahzad, 2012) 

 

An illustration of the three steps of the method for the discharge process as described in 

(Shahzad, 2012) is presented below: 
                                                           

3The project VIPPA is supported by VINNOVA – Swedish Agency for Innovation Systems under project nr P33462-1 
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8.2.1. Build Goal Structure 

As described in the first task of this step, the process under consideration is recursively 

analyzed from functional perspective to build a goal structure. In line with that we 

recursively analyze the discharge process until the lowest level is reached. An excerpt of 

the discharge process decomposition is presented in below in Table 28.  

Subsequently, the goals for the process are identified. For identifying the goals of the 

discharge process, we use the high-level process goals identified by the Swedish Institute 

of Medicine (IoM, 2010). The goals are: efficient, timely, safe, equitable, patient, 

effective and patient-centered. It has been claimed that the health care is expected to be 

far better at meeting the patients’ needs if the underlying health-care processes achieve 

major gains with respect to the mentioned goals (Hägglund, 2010; IoM, 2010).  

The process decomposition for the discharge process was explored at each level, until 

the lowest level was reached where decomposition is not possible. Among the goals 

identified by the Swedish Institute of Medicine, ‘efficient’ concerns avoiding resource 

waste, including waste of equipment, supplies, ideas and energy (IoM 2010). The goal 

decomposition (along with decomposition operators) for ‘efficient’ is summarized in 

Table 28.  

 

Process decomposition Goal decomposition for ‘efficient’ 

The discharge process 

o Pre-discharge  

• Examine patient 

• Contact municipality to assess social 

service needs 

• Contact primary care to access 

availability of home-based stroke 

team 

o Discharge patient 

o Provide home-based care 

o Provide social service  

The discharge process is efficient 

o Pre-discharge is efficient (SeqAND) 

• Examine patient is efficient (SeqAND) 

• Contact municipality to assess social 

service needs is efficient (SeqAND) 

• Contact primary care to access 

availability of home-based stroke team is 

efficient  

o Discharge patient is efficient (AND) 

o Provide home-based care is efficient 

(AND) 

o Provide social service is efficient 

Table. 28: Process and goal decomposition of the discharge process (Shahzad, 2012) 

As the third task, indicators and satisfaction conditions for each goal in the goal structure 

from the four process design perspectives (organizational, behavioral, organizational and 

informational) are identified. Aligned with that, we identify the indicators and 

satisfaction condition for each goal. By definition, the ‘efficiency’ in healthcare refers to 

resources, such as equipment, supplies, ideas and energy. From the definitions, the 

efficiency only refers to the used resources and participants so the indicators are relevant 

to the organizational and the informational perspectives only (Shahzad, 2012). 

The indicators that we identify for the ‘pre-discharge’ sub-process from the 

organizational perspective are ‘actor types involved’, ‘quantity of actor types’ and 

‘specific actors involved’, whereas the indicators that we identify from the informational 

perspective are ‘amount of resource types’, ‘resource type’ and ‘specific resources used’. 

The indicators and satisfaction condition for goal ‘pre-discharge is efficient’ are 

presented in Table 29. 
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Goal Satisfaction conditions 

(organizational perspective) 

Satisfaction conditions 

(informational perspective) 

Pre-discharge is 

efficient 

Actor types are doctor and nurse 

Quantity of doctors is 2 

Quantity of nurses is 1 

Resource types are phone and computer 

Quantity of phone calls is 3 

Quantity of involved computers is 2 

Table. 29: Satisfaction conditions for a goal (Shahzad, 2012) 

The specification of the goal structure (including goals, indicators and satisfaction 

condition of each indicator) can be added in the prototype by using the interface of the 

goal module shown earlier in Figure 51.  

8.2.2. Integrating Goal with PW 

To design a process warehouse for the discharge process presented in Figure 54, the facts 

related to each goal in the goal structure need to be identified. Based on the example 

indicators of the goal ‘pre-discharge is efficient’, the identified facts are ‘F_ActorType’, 

‘F_ActorTypeQty’, ‘F_ResourceType’ and ‘F_ResourceType Qty’. As discussed in 

Section 6.2, the facts related to a goal form a fact group, so we refer to the identified 

facts as Fgroup1. Similarly, the fact groups for all the goals in the goal structure 

(including ‘examine patient is efficient’ and ‘contact municipality to assess social service 

needs is efficient’) can be identified.  

As discussed in Section 6.2, the identification of facts follows the identification of 

dimensions based on the elements of a generic business process metamodel (see 

metamodel in Figure 35). Accordingly, the dimensions that we identify for the fact group 

‘Fgroup1’ are the following, process, participant and patient dimensions, time and 

location – as described in Section 6.2.  

Next, the dimension identification follows the development of hierarchies in 

dimensions by employing vertical decomposition in order to provide higher and lower 

aggregation-level views of the dimensions directly related to facts. For the discharge 

process, the ‘process’ dimension is vertically decomposed into process → sub-process → 

activity, the ‘area’ dimension into area → unit → room, the ‘time’ dimension into year 

→ quarter → month → date and year → week → date, etc. An excerpt of the generated 

multidimensional data model for the discharge process is presented in  Figure 55. 

 

Figure 55: An excerpt from the multidimensional data model for the discharge planning process 
(Shahzad, 2012) 
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The next task is to relate the multidimensional data of the process warehouse from Figure 

55 to the goal structure from Section 8.2.1. For that, the linkage module (presented in 

Figure 52) provides an interactive interface to relate goals with process warehouse. The 

goal structure - to be integrated, is loaded in the left pane of the user interface and the 

multidimensional model of the process warehouse is loaded in the right pane of the user 

interface. The user interface provides graphic-based means to define manually the links 

between them, as shown in Figure 52. 

8.2.3. Analyze and Improve Business Process 

As part of the VIPPA project - the parent process of the example discharge process, an 

approach was defined in (Hägglund, 2010) for the identification and classification of 

real-world problems related to the process. An example problem identified for the 

discharge process was ‘resource purchases go over budget’. Considering the stated 

problem as a triggering event, we illustrate how the process can be analyzed (see 

(Shahzad, 2012) for details):  

 

− The first task is the identification of the initiating condition - an event that causes the 

need for analysis of the business process. In the discharge process, consider that 

‘resource purchases go over budget’ has caused the need for analysis of the process. 

− The second task is to choose a relevant goal structure based on the initiating 

condition. A relevant goal is ‘efficient’ because, as explained earlier, the goal concerns 

avoiding waste, including equipment, supplies and energy etc. It is also identified at the 

time of stating the problem that the overuse causes a delay in discharging so the 

condition concerns only the ‘pre-discharge’ sub-process. The relevant goal becomes 

‘pre-discharge is efficient’. 

To analyze whether the goal is fulfilled or not the users select the relevant goal by 

using the user interface of the analysis module and specify the level of analysis. When 

the goal and level of analysis are selected, the analysis module automatically retrieves 

the satisfaction condition and the instances of the facts related to the chosen goal, as 

shown in Figure 53.  

− The third task is to analyze the retrieved information to reach the correct conclusions 

on achievement or non-achievement of the goal. From Figure 53 it can be seen that the 

goal is not achieved because the value of the fact is higher than that of the satisfaction 

condition. After repeating the second and the third task for the sub-goals (i.e. ‘examine 

patient is efficient’ and ‘contact municipality to assess social service needs is efficient’) 

it is found that ‘examine patient is efficient’ is the unachieved goal because extra 

resources are consumed in the examination. As a consequence, the goal ‘pre-discharge 

is efficient’ is not achieved. 

− As a result of the analysis, the unachieved goals in the sub-tree are identified. In 

addition to that, it is identified that the cause is the consumption of extra resources in 

the ‘examine patient’ activity. The fourth task is therefore to take a decision, the 

realization of which can result in the achievement of the goal. In the example case, the 

decision can be ‘reduce the amount of resources consumed in the examine patient’ 

activity. 
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− The final step is the implementation of the obtained decision in the form of process 

changes that eventually lead to process improvements. In the example case, the 

decision concerns a change in the process in terms of the informational perspective, i.e. 

reducing the quantity of resources from the ‘examine patient’ activity.  

8.3. Summary 
In this chapter, we demonstrate the applicability of the proposed method by describing 

the implemented prototype. A use case diagram is presented which provides bases for 

designing the prototype. Architecture of the prototype is presented and the three modules 

of the prototype are described. The method is then illustrated with the help of a health-

care process. 

The prototype implementation shows one possible way of implementing the 

contributions of the study. From the chapter we conclude that, the developed method is 

applicable and the implemented prototype supports all the three steps of the method. 
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9. Method Evaluation 
The aim of this chapter is to evaluate the proposed method for its ability to support 

performance analysis and improvement of processes. For that, we first develop an 

evaluation framework which consists of three components, each representing a type of 

evaluation. These are, methodological structural evaluation, performance-based 

evaluation, and perception-based evaluation. The evaluation framework is then used to 

evaluate the proposed method. 

9.1. Method Evaluation Framework 
The evaluation of an artifact is one of the aspects that has considered during the 

investigation of existing performance analysis and improvement efforts. A key 

observation related to the evaluation aspect is, most of the time existing approaches 

either use case study or example illustration as an approach to evaluate proposed 

framework. The use of a case study can demonstrate the applicability of a specific case 

but may not necessarily fit another case. Illustration on the other hand, is an elementary 

level evaluation in which working of the methodology is exemplified in a tailored 

situation. It is typically used to enhance understanding of an artifact. In addition to the 

above, a case study or illustration are not representative sample of real world situations 

therefore the applicability and appropriateness of a methodology cannot be generalized. 

From our experience, we can see that a key reason of using case study and illustration for 

evaluation of methodologies is that, it is difficult and time taking to conduct experiment 

due to a number of constraints associated with experimental settings such as 

representative sample size.  

From the discussion, it can be concluded that a rigorous assessment of process 

improvement methodologies is not yet reported and by enlarge user feedbacks are 

ignored in the development and evaluation of methodologies. These could well be among 

the reasons that a process improvement approach that is widely accepted and adequately 

described does not exist (Zellner, 2011). This implies that a rigorous evaluation of 

process improvement methodologies is missed. 

Owing to the observations, in this study we aim for a comprehensive evaluation of our 

proposed method. For that, based on literature studies we first develop a theoretical 

framework to evaluate our proposed method. The framework is primarily rooted in the 

Method Evaluation Model (Moody, 2003) for evaluating IS design methods. The reasons 

for considering the Method Evaluation Model are, a) it is widely used for evaluation of 

information system design artifacts, b) it incorporates both (performance and perception) 

aspects of evaluation. Based on the evaluation model, we introduce the first two 

components to our framework, performance based and perception based. 

• Performance based evaluation: This component offers an objective evaluation i.e. it 

evaluates how well did a subject perform in the evaluation task. For this component 

we have implemented our proposed method for a healthcare case and evaluate, i) 

increase in size of PW, due to the changes in PW; ii) navigation effectiveness, due to 

goal-based navigation of PW i.e. the degree of accuracy with which a user finds 

relevant data from PW by using goals.  
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•   Perception based evaluation: This component offers a subjective evaluation i.e. it 

evaluates how well did the subject was perceived to perform. For this component, we 

have conducted an empirical study to investigate the impact of our proposed method. 

The perception based evaluation results are presented in (Shahzad, 2011). For the 

evaluation we have adapted the evaluation model developed by Hong, et al. (Hong, 

2006), which is based on the widely accepted Technology Acceptance Model (Davis, 

1989), the IS Success Model (DeLone, 1992) and the factors affecting data 

warehousing success.  

  

Recently, (Zellner, 2011) has conducted a structured evaluation of business process 

improvement approaches. For the investigation, the study evaluates the methodical 

support towards the act of improvement because, existence of methodical structure offers 

a number of benefits, such as reducing uncertainty of the act of improvement and helping 

not to ignore important aspects by mistake. For the evaluation, a set of mandatory 

elements of method' are proposed to evaluate the degree of methodical support towards 

the act of improvement. The study concludes that business process improvement mainly 

happens in a black box and a structured support for 'the act of improving' is missing. 

Based on the above discussion, we extend our method evaluation framework by adding a 

third component to our framework called methodical structure evaluation.  

•   Methodical structure evaluation: This component offers a structured evaluation i.e. 

it evaluates the degree of methodical support towards the act of improved, offered by 

our method. For this component, we qualitative content analysis of each step and 

evaluation that the five mandatory elements of our method are supported or not. 

 

To conclude, the three components altogether form our method evaluation framework 

where the component, methodological structure evaluation is based on Zellner's elements; 

and performance and perception based evaluation are based on the Method Evaluation 

Model. Figure 56 graphically presents the framework components represented by three 

vertices followed by the results and evaluation of each component. The arrow signs show 

the order in which the components are discussed in the remaining part of the chapter. 

 

 

 

 

 

 

 
 

 

Figure 56: Method evaluation framework 

9.2. Methodological Structure Evaluation 
This component evaluates the degree of methodical support towards the act of 

improvement. For the evaluation, we use the 'mandatory elements of method' defined by 

(Zellner, 2011). These are: procedural model, result, technique, role model and 

Method 
Evaluation 
Framework 

Methodical 
structure evaluation 

Performance based 
evaluation 

Perception based 
evaluation 
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information model. For the method, we evaluate if specification of 'mandatory elements 

of method' is available or not. For the evaluation, we use a three-point scale, fully 

accomplished, partly accomplished, and not accomplished. The value for an element is 

fully accomplished if element is explicitly mentioned in the method. The value for an 

element is partly accomplished if element is implicitly mentioned in the method i.e. exist 

but not explicitly mentioned. The value for an element is not accomplished if element is 

neither exists nor explicitly mentioned in the method.  

In Table 149, we describe the meaning of each element as well as the benefit it can 

offer to the act of improvement, based on the discussion presented in (Zeller, 2011). 

Following that, we discuss how our proposed method corresponds to 'mandatory 

elements of method'. 

Element Description Benefits 

Procedure 

model 

A procedural model consists of 

clearly defined steps, called activities, 

and an order in which the activities 

have to be executed. When employing 

the method, the activities are 

performed in the defined order. It 

represents 'what should to be done' 

and 'in which order'. 

A procedural model can, a) assist 

involved users in knowing which tasks 

have to be performed and in which 

order, b) reduce the uncertainty of the 

of process analysis and improvement, 

c) help not to ignore important tasks by 

mistake.  

Result A result is an artifact created by an 

activity. It could be a model or a 

document etc. It represents 'what 

should be produced'.  

Creation of a result can be used as an 

indication to go to the next step in the 

improvement procedure. Also, 

knowing what result need to be 

produced can be helpful during 

execution of an activity. 

Technique A technique works in support of an 

activity and it is an instruction or a set 

of instructions to generate a result. It 

represents 'how it should be done'. 

 

 

A technique can, a) assist involved 

users by guiding how a task should be 

done, b) facilitates the way result are 

produced. Addition to that, the use of 

instructions (technique) for each 

activity can further reduce the 

uncertainty of business process 

improvement act. 

Role Model Role model represents "who carries 

out the activity and is responsible for 

it" (Zellner, 2011). It represents 'who 

should do it'. 

A role model can help, a) in identifying 

process owner, b) smooth course of  

the improvement  act. 

Information 

Model 

Information model or metamodel 

describes the concepts of the 

methodology and possible 

relationships between them. Also, it 

represent the blueprint of the results 

i.e. their parts and relationship.  

An information model is helpful to, a) 

assure that the results of activities are 

reproducible, b) provide a good 

overview of relations between and 

within the results, c) allows and eases 

the comparison of results, due to the 

use of a defined set of concepts to 

represent results. 

Table. 30: Mandatory elements of the method. Tabularized from (Zellner, 2011) 
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The first element among the 'mandatory elements of method' is procedure model. 

Procedure model, consists of clearly defined steps and an order in which the activities 

have to be executed. Our method, consists of three steps, building goal structure, 

integrating goals with PW, and performance analysis and improvement. Each step 

consists of a set of tasks e.g. for the step building goal structure the tasks are, recursively 

analyze business process, define goals of the process and identify criteria for fulfillment 

of goals. The tasks are equal to activities. Also, an execution order between steps and 

tasks of each step is defined. So, the value of 'procedure model' becomes 'fully 

accomplished'. 

The second element among the 'mandatory elements of method' is results. A result is 

an artifact created by an activity which could be a model or a document etc. In our 

method, an artifact (result) is produced as a result of each step e.g. a goal structure is 

produced as a result of the first step. Also, an artifact is produced as an outcome of each 

activity, however, in the description of our method some artifacts are described in more 

detail compared to others. For example, description of process decomposition tree is 

significantly more detailed compared to decision, a result of 'elicitation of decision' - 

fourth task of the Step3. Although the description of each level is different but the fact 

that a result of each step exists which makes the value of results, 'fully accomplished'. 

The third element among the 'mandatory elements of method' is technique. A technique 

is an instruction or a set of instructions to generate a result. In our method, a number of 

techniques for each step are presented e.g. in order to integrate goals with process 

warehouse extensions to process warehouse structure are proposed i.e. addition of stable 

part of process warehouse and addition of bitmaps to the case specific part of process 

warehouse. However, some tasks are manual and completely subject to the preferences 

of enterprises. An example of such a task is, identify criteria for fulfill of goals - third 

task of Step 1. So, the value of technique becomes 'partly accomplished'. 

The fourth element among the 'mandatory elements of method' is role model. A role 

model represents the character/s responsible for execution of activities. In our method, 

there are cases (such as recursively analyze process) where it is not explicitly specified 

who carries out the activity. Also, a separate model to define relationship between 

activities and roles is not presented. So, the value of role model becomes 'partly 

accomplished'. 

The fifth element is information model or metamodel. It describes the concepts of the 

methodology and possible relationships between them. Also, it represent the blueprint of 

the results i.e. their parts and relationship. In our method there are a number of models 

which altogether fulfilled the definition of information model. Firstly, the metamodel 

that represents the set of concepts used in our method presented in Chapter 4, Figure 12. 

Secondly, relationship between the three steps of the method and the developed 

prototype are presented in the method overview diagram relationship (see Chapter 4). 

Also, a diagram is presented for each step of the method to represent the steps as well as 

the order of their execution. Also, the metamodels for results, such as goal structure and 

goal integration with PW, represent the blueprint of  results. So the value of information 

model becomes 'fully accomplished'. 

From the discussion, it can be observed that three elements (procedure model, result 

and information model) are fully accomplished whereas two elements (role model and 
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technique) are partly accomplished. This means, in some cases users need to employ 

their intuition and/or experience to produce the results they have to achieve. 

9.3. Performance-based Evaluation 
In this section, we describe an experiment that is conducted on the data of the stroke 

process to evaluate the increase in size of PW and the method performance in terms of 

retrieving relevant and accurate information from the PW. Since, we are first one to 

introduce goal-PW integration for retrieving relevant and accurate information from a 

PW (i.e. no other researcher has addressed the problem of relevant and accurate retrieval 

of information from PW) and an existing solution proposal, to compare our results with, 

does not exist; therefore, the results of our goal-based approach are compared with 

traditional way of retrieving information from PW (i.e. using all corresponding 

dimensions of the fact for navigating PW. The work described in Section 9.3 and 9.4 is 

presented in (Shahzad, 2011). The subsequent sections are organized as follows: in 

Section 9.3.1 we explain the experiment settings, in Section 9.3.2 we present the 

definitions of the studied variables and the experiment’s results are presented in Section 

9.3.3 and Section 9.3.4. 

9.3.1. Preparation of the Experiment 

In order to study the change in size of PW and effectiveness of goal-driven access to PW 

data, we implemented a PW for the stroke process. The aim is to study the effect of 

integrating goals with PW through a controlled experiment, where the developed 

prototype is used. For the experiment described in this section, we first design a PW for 

the health-care process using the goal-based approach, described in Chapter 6. In order to 

compare the performance of 'traditional method of accessing data from the PW' with the 

performance of the proposed 'goal-based method', the designed PW is implemented in a 

proprietary database management system without the stable part. The implemented 

warehouse has 6 fact tables, 19 measures (facts) and 10 dimension tables. The warehouse 

is populated with simulated data of 100 patients. It is because the real data about 

execution of the process are not accessible, due to privacy reasons. The data includes 

start time of each process instance, end time of each process instance, the activities 

performed during the execution of each process instance, the actors responsible for the 

execution of the process and the resources involved during the execution of the process. 

The data is generated using a web-based random number generator, random string 

generator and random clock time generator4. The generated numbers and strings are used 

as PatientID, PatientName  and Actor name etc., whereas the clock times generated by 

the tool are used as the timings of the activities of 100 different process instances. 

Secondly, another warehouse is implemented with the same dimensional model (i.e. 

dimension and fact tables); however, this time the stable part of the warehouse is also 

implemented. Following that, the goal structure that contains 11 goals is added and 

linked to the process warehouse using the goal and linkage modules of the developed 

prototype, as illustrated in Chapter 7. This is done by adding goal definitions to the meta-

                                                           
4www.random.org 
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table structure of the warehouse using the prototype. Also extensions to PW schema are 

done by adding bitmap attributes to dimension and facts tables. 

Subsequently, eight problems related to the execution of the process that can trigger 

the need for process improvement, are collected. Primarily, the selection process is based 

on an earlier study (Hägglund, 2009) in which one of the authors participated together 

with practitioners from the health-care domain in Stockholm, Sweden. 

9.3.2. Studied Variables 

In our method, the relations between goals, facts and dimensions are explicitly defined 

and captured in the stable part of the process warehouse. Due to this relationship, only 

the dimensions and facts that are related to a goal are retrieved on navigating PW using 

goals. This eliminates the possibility of considering irrelevant information. However, in 

order to measure the change in size of PW and the method’s performance we define two 

set of variables, i) related to changes in size of PW and ii) the effect of goal-based 

navigation of PW. The following variables (variable 1 and 2) are  related to changes in 

size of PW. 

Variable 1: Size of fact table (SF): This variable is related with a structural part of 

multidimensional model of PW, called fact table. This is the amount of attributes that a 

fact table (as a percentage) has in the PW. By comparing a value of the variable for 

classical PW with that of our PW the changes in size of fact table can be computed. The 

higher the difference is the more is increase in size of PW.  

Variable 2: Size of dimension table (SD): This variable is also related with a structural 

part of multidimensional model of PW, called dimension table. This is the amount of 

attributes that a dimension table (as a percentage) has in the PW. By comparing a value 

of the variable for classical PW with that of our PW the changes in size of dimension 

table can be computed. The higher the difference is the more is increase in size of PW.  

 

The remaining three variables (variable 3, 4 and 5) are related to navigation of PW. 

Variable 3: Accessible Facts (AF): This variable is related with the effect on goal-

based navigation of PW. It defines the number of facts (as a percentage) provided to 

users due to goal-based navigation of PW. The higher the number of accessible facts the 

more cognitive effort is needed to interpret the information and therefore less is the 

possibility to correctly use the accessible facts, as argued by (Muehlen, 2010). 

Variable 4: Accessible Dimensions (AD): This variable is also related with the effect 

on goal-based navigation of PW. It defines the number of dimensions (as a percentage) 

provided to users due to goal-based navigation of PW. The higher the number of 

accessible dimensions, the more significant domain expertise is needed to select an 

appropriate dimension for analysis, as argued by (Muehlen, 2010). 

In order to more precisely study the effect of using our proposed (goal-based) approach 

to navigate PW, we consider the accuracy (a dependent variable) with which users can 

find relevant data from the PW. The following variable (variable 5) is related to accuracy 

of PW navigation. 

Variable 5: Navigation Effectiveness (NF): This variable is also related with the effect 

on goal-based navigation of PW. It is the degree of accuracy with which the user finds 

relevant data from the PW. According to (van Rijsbergen, 1979) "accuracy of retrieval is 
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measured in terms of the F-measure – the harmonic mean of precision and recall"; where 

"precision is the fraction of the retrieved data that are relevant, and recall is the fraction 

of relevant data retrieved" (van Rijsbergen, 1979). For evaluating the navigation 

effectiveness of our goal-based PW navigation we use F-measure, because F-measure is 

widely acceptance and regularly used metric to evaluate the performance of information 

retrieval systems (Chen, 2007). It is computed in the following steps: 

Let RR be the number of relevant measures retrieved from PW, IR be the number of 

irrelevant measures retrieved from PW and RN be the number of relevant measures in the 

PW that are not retrieved. The precision PR and recall RC are computed by the 

following:  

PR = RR / [RR + IR] and RC = RR  / [RR + RN]. 

The navigation effectiveness measured in terms of the F-measure is computed as the 

following: 

F-Measure = 2* PR * RC / [PR + RC]. 

 

In the remaining part of this section, the data collected from the experiment are analyzed 

and discussed in order to evaluate our method. The following subsections present the 

results and discussion for each studied variable. 

9.3.3. Changes in size of PW 

In this section, we present and discuss the results from the experiment related to first two 

variables.  

A comparison of the original size of fact tables (in terms of number of attributes) with 

the extended size of fact tables, due to addition of bitmaps, is shown below in Figure 57. 

From the figure, we observe an increase in size of fact tables. The increase in the size of 

a fact table depends upon the number goals that are related with the fact table. Recall 

from second step of our goal-based method, for each relation of goal with a fact table, a 

bitmap attribute is added to the fact table. The larger the number of goals related to a fact 

the more is the increase in size of fact table. For instance, the number of attributes of fact 

table F6 is increased by more than 70% compared to the size of the fact table without 

goals . It is because a number of goals are related with the fact table and a corresponding 

to each goal a bitmap attribute is added to fact table. However, we contend that bitmap 

takes fewer bytes, so addition of several bitmaps will not increase the size of PW at 

physical level exponentially.  

 

Figure 57: Percentage of increase in size of fact tables (Shahzad, 2011a) 
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Figure 58 shows a comparison of the original size of the dimension tables with the 

extended size of the dimension tables. From the figure we observe a significant increase 

in size of dimension tables. The increase in the size of a dimension table depends upon 

the number goals that are related with the dimension table. Recall from second step of 

our goal-based method, for each relation of goal with a dimension table, a bitmap 

attribute is added to the dimension table. The larger the number of goals related to a 

dimension the more is the increase in size of dimension table. For instance, number of 

attributes of dimension D10 increased to more 400%. It is because the dimension D10 

has fewer attributes and the dimension is related to several goals; and according to our 

proposed approach one bitmap attribute corresponding to each relevant goal was added.  

Although the results show a significant increase in size of PW (in terms of number of 

attributes), however the fact that ‘CHAR’ - a data type in DB2, can take more than 50 

bytes and it is a data type for most of the dimension attributes in our designed PW. 

Therefore, it can be argued that addition of several bitmaps will not increase the size of 

PW exponentially. 

 

  

Figure 58: Percentage of increase in size of dimension tables (Shahzad, 2011a) 

9.3.4. Effect of Goal-based Navigation 

In this section, we discuss the results from the experiment related to the remaining 

variables. Recall, for navigation effectiveness (variable 5) eight problems, related to the 

healthcare process that can trigger the need for process analysis, are collected. Primarily, 

the selected problems are based on an earlier study (Hägglund, 2009) in which one of the 

authors participated together with practitioners from healthcare domain. The problem 

definitions are used as initiating conditions - events that trigger the need for process 

analysis using the PW with goals (our proposed approach) and without goals (the 

classical approach). Based on the definitions of the collected problem (represented as 

questions in Appendix B), a goal structure or sub-structure is identified which were used 

for process analysis using the PW with goals.  

 It is explained in the preceding section that navigation effectiveness computes the 

degree of accuracy with which a user finds relevant data from process warehouse. 

Arguing analytically, our method is navigation effective because only the relevant 

content from the warehouse is retrieved i.e. irrelevant content is not retrieved from the 

warehouse. Recall, in the second method step, relationship between a goal and a sub-
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content of the process warehouse (i.e. a sub-set of dimension and fact tables) is 

established. Due to this relationship, during the goal-based retrieval of the warehouse 

data (the third method step), the amount of accessible facts and dimensions are less than 

the total number of facts in the warehouse. This increases the value of the RR (relevant-

retrieved) variable and decreases the value of the IR (irrelevant-retrieved). Consequently, 

increases the value of navigation effectiveness. Obviously, these values are specific for 

one case and cannot be generalized, however the values dependent on how accurately the 

goals are related to the warehouse content, in particular dimensions and facts. The more 

accurately the relationship is established, the higher the navigation effectiveness will be. 

One of the key factors that can influence the value of this variable is the personal factor, 

for instance educational background and experience. 

As a demonstration of the above argumentation, a comparison of the results for the 

Accessible Facts variable for the goal-based approach and the non-goal approach are 

presented in Figure 59. For the figure, it may be observed from the graph that the value 

of total facts is fixed because the number of facts in a process warehouse remains fixed 

(i.e. do not change); however the number of facts related to goals change because each 

goal has relationship with a selected facts (i.e. not with all facts). From the graph, we 

observe that the value of the variable in the goal-based approach is significantly lower 

than the value in the other one. Therefore, it can be argued that, in the stroke process 

case, a reduction in the number of facts available to users of the PW takes place in the 

goal-based approach. Hence, in the goal-based approach, the cognitive effort needed to 

interpret the information is less than in the traditional (non-goal) approach.  

 

 

Figure 59: Accessible Facts  (Shahzad, 2011a) 

 

A comparison of the results of the Accessible Dimensions variable for goal-based 

approach and traditional (non goal-based) approaches are depicted in Figure 60. From 

the figure, it may be observed from the graph that the value of total dimensions is fixed 

because the number of dimensions in a process warehouse remains fixed (i.e. do not 

change); however the number of dimensions related to goals change because each goal 

has relationship with a selected dimension (i.e. not with all dimension). It may be 

observed from the graph that the value of the variable in the goal-based approach is also 

significantly less than the value in the non-goal approach. Therefore, it can also be 

argued that, in the stroke process case, a reduction in the number of dimensions available 

to users of the PW takes place in the goal-based approach. Hence, the goal-based 
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approach requires less significant domain expertise to select an appropriate dimension 

for analysis.  
 

 

Figure 60: Accessible Dimensions (Shahzad, 2011a) 

 
As discussed earlier, eight problems related to the stroke process are collected. The 

problem definitions are used as a basis for process analysis using the goal-based 

approach and the non-goal approach. For the goal-based approach, the problem 

definitions (represented by questions) are used to identify one or more goals that are used 

for process analysis, whereas for the traditional approach the problem definitions are 

directly used for process analysis. For both approaches, the retrieved information was 

recorded to manually calculate the number of relevant dimensions/measures retrieved 

and the number of irrelevant dimensions/measures retrieved. Also, the number of 

relevant measures in the PW that are not retrieved are calculated. Using the gathered 

values first, precision and recall are calculated to ascertain the navigation effectiveness 

defined in the preceding sub-section. A comparison of the F-measure using the 

traditional and the goal-based approach is presented in Table 31. The results provide 

evidence that the goal-driven access has a positive effect on navigation effectiveness. 

 

Q# Traditional 

Approach 

Goal-Driven 

Access 

Q1 0.190 0.400 

Q 2 0.100 0.200 

Q 3 0.190 0.364 

Q 4 0.100 0.222 

Q 5 0.190 0.400 

Q 6 0.100 0.200 

Q 7 0.190 0.400 

Q 8 0.190 0.364 

Avg 0.158 0.323 

Table. 31: Comparison of navigation effectiveness using F-measures (Shahzad, 2011a) 

 

A comparison of the precision results is depicted in Figure 61. From the figures we 

observe an increase in precision, which further affirms the retrieval of relevant data from 

PW when using the goal-driven approach. Hence, this decreases the possibility of 

reaching the incorrect analysis results.  
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Figure 61: Comparison of precision (Shahzad, 2011a) 

9.4. Perception-based Evaluation 
In this section, an empirical study is described, that is conducted to study the impact of 

our proposed method on analysis and improvement of processes. For the study the 

evaluation model developed by Hong (Hong, 2006) is adapted. The constructs of the 

model are shown below in Figure 62. The model is based on the widely established 

Technology Acceptance Model (TAM) (Davis, 1989), the IS Success Model (ISM) 

(DeLone, 1992) and factors affecting data warehousing success. The reason for choosing 

Hong's model instead of TAM and ISM is that, it is rooted in these established models 

and also considers the factors affecting data warehouse success. This makes it a 

specialized model for measuring the success of warehouse usage. For this study, we 

consider six out of the eight constructs and all the items of these constructs. The 

constructs considered in this study are data quality, accessibility, training, perceived 

usefulness, perceived ease of use and perceived impact5. The constructs and their 

relationships are depicted below in Figure 62. 

 

Figure 62: Evaluation model - only constructs (Hong, 2006) 

The constructs of Hong's model are generic and cannot measure directly, therefore Hong 

has defined a set of measurable items for each construct. The items of each construct and 

their identification are presented in Table 32. The identification of each item is later used 

to discuss the results. 

 

                                                           
5 The seventh construct, response time, has not been considered because in our method we don’t aim to reduce response time, 

rather we aim at relevant content retrieval. 
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S# Identity Item Construct 

1 Q1 Completeness  

 

Data Quality 
2 Q2 Redundancy (Negative question) 

3 Q3 Granularity 

4 Q4 Sufficiency 

5 Q5 Understandability 

6 A1 Easy to located data  

 

Accessibility 
7 A2 Easy to use data access tools 

8 A3 Sufficient data access tools 

9 A4 Efficiency 

10 T1 Sufficient relevant training Training 

11 T2 Usefulness of the training 

12 PU1 Help finishing tasks quicker & easier  

Perceived 

Usefulness 
13 PU2 Useful for process Analysis 

14 PU3 Help improving analysis Task 

15 PU4 Important for Analysis Task 

16 PEOU1 Easy to Learn  

 

Perceived ease 

of use 

17 PEOU2 Easy to get required information 

18 PEOU3 Easy to become expert use 

19 PEOU4 Easy to use the approach 

20 PEOU5 Easy to choose improvement pattern 

21 PI1 Improved task outcomes  

Perceived 

impact 
22 PI2 Improved analysis performance 

23 PI3 Help making better decisions 

Table. 32: Items of the Constructs, an excerpt of (Hong, 2006) 

9.4.1. Research Instrument and Data Collection 

For the empirical study, the implemented PW was populated with a sample data of 100 

patients. The data includes the arrival time of each patient, discharge time of each 

process instance, start and end time of each activity of the process, the activities 

performed during the execution of each instance (during the treatment of each patient), 

the actors responsible for the execution of the process and the resources involved during 

the execution of the process. Five goal structures are built for the healthcare process, 

based on the goals defined by Swedish Healthcare Institute (IoM, 2010). Subsequently, 

the developed goal structures are added and linked to the warehouse using the prototype 

(see details in Chapter 7). For the empirical study, we eight process-related problems are 

collected that trigger the need for process analysis. The problems are collected from an 

earlier study (Hägglund, 2010) where one of the authors had participated together with 

healthcare practitioners in Stockholm, Sweden. 

For the study, twenty university employees volunteered to participate in the study. All 

the employees who volunteered to participate in the study are chosen for the study 

without any age, gender or healthcare background discrimination. However, all the 

participants had a background in computer science. A study mentor explained our 

proposed goal-based approach in detail and demonstrated a few examples. This was 
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followed by a question and answer session to address any individual concern. 

Participants were then asked to analyze the process for the given problems by using the 

described approach. Upon completion of this task, participants were asked to fill a post 

task survey. The survey questionnaire was also adopted from Hong et al. (Hong, 2006) 

and consisted of 23 construct items (or simply items) as well as a seven point answering 

scale: strongly disagree (1), simple disagree (2), weak disagree (3), not sure (4), weak 

agree (5), simple Agree (6) and strongly agree (7). 

9.4.2. Data Analysis and Discussion 

To evaluate the perceived impact of our proposed method the users' response collected 

from the empirical study are analyzed. For that, frequency distribution analysis is used in 

order to identify the distribution of responses on a scale of agree, not sure and disagree; 

where ‘agree’ encapsulates all those answered strongly agree, simple agree or weak 

agree and ‘disagree’ encapsulates all those answered strongly disagree, simple disagree 

or weak disagree.  

The frequency distribution and standard deviation of all the items of the selected six 

constructs are presented below in Figure 63 - 64. From Figure 63 we observe that our 

method has overall received positive responses by a large number of participants. This 

indicates that the method is perceived positively, however, a significant percentage (70% 

and 65%) of participants disagree with two construct items Q2 and A4. The disagreement 

with the first item (Q2) indicates that our method does not retrieve irrelevant information 

i.e. it retrieves relevant information; whereas the disagreement with second item (A4) 

indicates that the task of retrieving the information is not effortless. Recall, these are 

negative questions and lower the percentage of answer better is the performance. 

 

 
Figure 63: Frequency distribution of construct items (Shahzad, 2011) 
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Figure 64: Standard deviation of respondents 

 
The results of users’ perception of the method in terms of the six constructs are 

summarized in Figure 65. The values of each construct are computed by taking a mean of 

the items belonging to the construct. From the results we observe that more than 75% of 

the participants agree that the perceived impact is positive. 

To study whether the participants’ background knowledge influences their perception 

of the method or not, the participants are classified into two groups; experienced and 

novice users. The former (experienced) group includes the users who have passed a 

course on data warehousing and participated in a data warehousing project; whereas the 

later (novice) group includes the users without any background knowledge of data 

warehousing. Our sample includes 8 experienced and 12 novice users.   

 

 

Figure 65: Frequency distribution of constructs (Shahzad, 2011) 

 

The difference between experienced and novice users who agree on the construct items is 

shown below in Figure 66. From the figure, we observe that experienced users agreed 

with the construct items in a larger percentage than novice users. This indicates that these 

construct items are better perceived by experienced users than novice users.  
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Figure 66: Comparison of user groups on construct items (Shahzad, 2011) 

 

The results of users’ perception of the method using the six constructs are summarized in 

Figure 67. From the figure, we observe a greater difference in the users' perception of 

data quality, training and ease of use and than in accessibility, perceived impact and 

perceived usefulness. 

 

 
Figure 67: Comparison of user groups on constructs (Shahzad, 2011) 

9.5. Summary 
In this chapter, we have evaluated our proposed method. For that, we first developed a 

theoretical method evaluation framework. The framework has three components, each 

representing a type of evaluation. These are: methodical structure evaluation, 

performance based evaluation and perception based evaluation. Below, we summarize 

our findings for each type of evaluation: 

Based on the results of the methodical structure evaluation we observe that three 

mandatory element of method (procedure model, result and information model) are fully 

accomplished by our method and two elements (role model and technique) are partly 

accomplished. The lack of full accomplishment of the two elements may, in some cases 

users may cause uncertainty of the act of improvement.  

Based on the results of the performance based evaluation we (Shahzad, 2012) 

observe, a) a significant decrease in the number of matched fact tables from the PW, 

which, thereby, reduces the effort needed to interpret the retrieved information, b) a 

significant decrease in the number of matched dimensions from the PW; hence, the 

method requires less domain expertise to select an appropriate dimension for further 
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analysis, c) an increase in the accuracy with which the user finds relevant data from the 

PW and hence a decrease in the possibility of obtaining an incorrect information basis for 

the analysis.  

Based on the results of the perception based evaluation we (Shahzad, 2011) conclude, 

a) the perceived impact of our method is positive; b) the construct items are better 

perceived by experienced users than novice users, c) experienced users perceived data 

quality, training and perceived ease of use more than accessibility, perceived usefulness 

and perceived impact. 
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10. Conclusion and Future Work 
In this chapter, at first we summarize the contribution of and explain the results achieved 

during the study. Subsequently, in Section 10.2, we discuss how the contributions 

address the problems and achieve goal identified in the introduction Chapter. In Section 

10.3, we discuss whether the requirements of PW-based process improvement elicited in 

Chapter 4 are achieved or not. Finally, we outline the limitation of the study and 

directions of future research.  

10.1. Summary of Contributions 
Processes are vital for managing business activities of an enterprise. Therefore, it is of 

utmost importance to analyze and improve those processes constantly in the way to align 

them with enterprise goals, and thereby justify the process evolution from a business 

goals perspective. In this work, we have proposed a three-step method for goal-driven 

analysis of business processes with an aim to elicit possible improvement directions. The 

contributions are classified into state of the art, solution development and evaluation. 

summarized below: 

 

State of the Art: These are the contributions that are based on the existing body of 

knowledge.  Specifically, the contributions are discussed below:  

−  A taxonomy for business process analysis approaches: A starting point for building 

the taxonomy is to identify existing approaches to business process analysis. This is 

done by employing a highly structured and repeatable procedure. The identified 

studies are then analyze in terms of the different features and aspects that they 

discuss. A bottom up clustering approach is then employed to build a taxonomy of 

the approaches. From the study, a number of limitations of existing efforts and 

thereby open areas of research are identified. The contribution is presented and 

discussed in Chapter 2. 

−  A framework for evaluation of process warehouse design: Due to the potential 

impact of the type of process warehouse design on its use for analysis and 

improvement of process, a framework is developed. The framework can be used for 

evaluation of process warehouse design proposals, because the components of the 

framework define the specific areas that should be considered for comparison and 

evaluation of process warehouse design proposals. The framework is built based on 

a number of factors that can influence the design and use of process warehouse, 

which are collected from literature. The contribution is presented in Chapter 3. 

−   Evaluation of process warehouse design proposals: The developed framework is 

used to compare and evaluate existing process warehouse design proposals. The 

evaluated PW design proposals are collected through a comprehensive survey. The 

evaluation serves as a basis to identify limitations of existing efforts. Results of the 

evaluation and their findings are presented in Chapter 3.  

Solution Development: It refers to the set of contributions concerning the development of 

method for analysis and improvement of business processes. Specifically, the major 

contributions are discussed below:  
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−  A metamodel of goal-driven performance analysis and improvement: The first 

contribution is a metamodel for goal-driven analysis and improvement of processes. 

The aim of the metamodel is introduce the concepts and the nomenclatures that 

form the conceptual basis for a goal driven method for analysis and improvement of 

processes. The contribution is presented and discussed in Chapter 4. 

−  Process Decomposition Tree: A hierarchal graph of a process that represents the 

modular decomposition of the control structure of a process model, is proposed. To 

represent the flow between modules of control structure of a process, a set of 

decomposition operators are defined by tailoring existing logic operators. To 

facilitate hierarchical modeling, a set of patterns for process decomposition patterns 

equivalent to the established workflow patterns are proposed. Also, a set of 

decomposition vertex are proposed. Decomposition vertex is a point (activity or 

routing node) from which parts of a process are separated. The contribution is 

presented and discussed in Chapter 5. 

−  Goal Decomposition Tree: A hierarchical structure of goals aligned with the 

modular decomposition of the control structure of a process model. It represents the 

state of a process in terms of performance that is intended to be achieved. Since, it is 

built along modular decomposition of process, so the operators of process 

decomposition tree remains relevant. In addition to the goal and process structure, 

first step of the method 'build goal structure' is also presented. The contribution is 

presented and discussed in Chapter 5. 

−  Integrating goals with PW: An approach to integrate the goal structure (developed 

earlier) with PW is presented. The integration spans across two levels, conceptual 

and implementation level. At the conceptual level, a metamodel for PW id 

developed and the concepts needed to relate goals and PW are defined. At 

implementation level, extensions to the PW conceptualization, needed to model the 

relation between goal and PW at the data level, are presented. The developed PW 

metamodel is evaluated by comparison with metamodels' of existing PW design 

proposals. The aim of the evaluation is to evaluate whether or not the proposed 

metamodel encompass existing PW proposals. The contribution is presented and 

discussed in Chapter 6. 

−  Goal-based navigation: The developed method allows goal-based navigation of 

PW due to the underlying relations between goals and PW. For navigation. a set of 

navigation operations on goal structure and their effect on PW are defined, which 

allows retrieval of necessary and sufficient information for process analysis and 

thereby for improvement. The contribution is presented and discussed in Chapter 7. 

−  Decision Relationship Model: It is a model of concepts for analyzing enterprise 

processes, using the information from a PW to facilitate correct decision for process 

improvement. In this model the major focus is set on improving and extending 

process improvement model by defining the model components in a more strict and 

more formal manner. This model bundled with the third step of our method provide 

bases for a semi-automatic method for process analysis that can facilitate users in 

choosing correct process improvement directions. 

−  Method for performance analysis and improvement: It is the third step of the 

method that specifically focuses on utilizing the PW to analyze and improve 
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processes, by identifying the problems that hinder the goal fulfillment.  It describes 

a step-by-step procedure that a user has to take to analyze process, identify 

weakness and choose an appropriate solution. 

Beside the contributions discussed above, there are a number of minor contributions 

related to solution development which includes, a) identification of requirements for a 

PW based approach to analyze and improve a process, b) the refined concept of process 

warehouse, and c) a procedure that bundled with PW metamodel provides high-level 

guidelines for designing PW, based on a goal structure.   

 

Implementation and Evaluation: It refers to the set of contributions concerning the 

evaluation of the feasibility of the developed solution. Specifically, the major 

contributions are discussed below:  

−  Prototype Development and illustration: In order to demonstrate the applicability 

of the developed solution, a prototype is developed to facilitate the use of the 

method. The prototype by a user interface allows designing goal structure and 

relating goals with PW. It further allows navigation of process warehouse and auto-

retrieval of relevant information from process warehouse. The use of the proposed 

method is illustrated with a healthcare case study. 

−  Method evaluation framework: For a comprehensive evaluation of our proposed 

method, at first a theoretical framework is developed. The framework consists of 

three components, each representing a type of evaluation. Each type of evaluation is 

conducted to evaluate the feasibility of the developed solution. 

10.2. Research Questions and Contributions 
In this thesis, we have proposed a method for a goal-based analysis of business processes 

to elicit possible improvement directions. Below, we summarize how our contribution 

achieves the objectives that are defined in the introduction section. 

−  To review and classify existing approaches to process performance analysis. To 

achieve this objective a structured literature review is conducted to identify the 

approaches for analysis and thereby for improvement of processes. Specifically, the 

focus is on the studies that use execution data of process for analysis. A content 

analysis of the identified studies is performed to build a taxonomy of existing 

studies. The taxonomy serve as a basis to classifying existing approaches based on 

their features, identify limitations of existing efforts and thereby identify open areas 

of research. Figure 68 shows the relation between the first goal defined in Chapter 1 

and the study result. 

 

 

 

 

Figure 68: Research result in relation to Goal 1 

−  To evaluate and compare the capabilities of existing process warehouse design 

proposals. The reason of investigating existing PW design proposals is the potential 

impact of the design on the analyses (and thereby improvement) that it supports. A 

To review and classify 
existing approaches to 
business process analysis 

A taxonomy for business 
process analysis 
approaches 

Goal 1 Result 
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starting point to that is the identification of a number of factors that can influence 

the design and use of PW, which are collected from literature. Based on the factors 

an evaluation framework is developed. The framework defines specific areas 

(referred to as components) that should be considered for comparison and 

evaluation of PW design proposals. Subsequently, the framework is used to study 

design proposals, collected through a comprehensive survey. As a result, limitations 

of existing efforts are identified. Figure 69 shows the relation between the second 

goal defined in Chapter 1 and study result. 

 

 

 

 

 

Figure 69: Research result in relation to goal 2 

−  To develop a method for process performance analysis and deciding process 

improvements using process warehouse. A starting point to answer this question is, 

the identification of requirements for process warehouse based performance 

analysis and improvement of processes. Requirements are elicited based on the 

issues reported in literature about the use of process warehouse, during evaluation 

of existing PW design proposals and building the taxonomy of existing similar 

efforts. Based on the requirements, a three-step method for using PW for analysis 

and improvement of processes is proposed. The first step of the method is building a 

goal structure along the functional decomposition of process. The second step is to 

integrate goal structure with process warehouse. The third step provides a procedure 

to navigate process warehouse, identify unfulfilled performance goals of process 

and guiding the decision for analysis and improvement of processes. Figure 70 

shows the relation between third goal its corresponding study result. 

 

 

 

 
 

Figure 70: Research result in relation to question 3 and objective 3 

To support the use of the method and to demonstrate the applicability of the method, a 

prototype is implemented. Using the prototype, goals can be modeled, and linked with 

PW. Subsequently, the prototype allows navigation of PW using goals. Use of the 

method is illustrated with the help of a healthcare process. As an evaluation of the 

proposed method, a controlled experiment is conducted for performance and perception 

based evaluation of the method. Addition to that, the methodical support for analysis and 

improvement is assessed based on mandatory elements of method, identified in a recent 

study.  

To evaluate & compare 
capabilities of PW design 
for process improvement 

 
An evaluation and 
comparison of PW design 
proposals 

Goal 2 Result 

To develop a method for 
analysis and improvement 
of processes using process 
warehouse 

 

Goal-driven method for 
analysis and improvement  
of processes using PW 

Goal 3 Result 
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10.3. Analysis of Requirements and Discussion 
From the study of literature a set of requirements for process warehouse-based business 

process improvement are elicited. In this section, we discuss how the requirements are 

fulfilled.  

 

−  Requirement: It should be possible to identify and retrieve necessary and sufficient 

information for process analysis and thereby for process improvement.  

This requirement concerns that magnitude of the data needed for an analysis is 

commonly substantially smaller compared to the size of the warehouse. Therefore, the 

problem arises, how to identify and retrieve the necessary and sufficient data. This means 

that the approach to access process warehouse should allow identification and retrieval of 

data that is necessarily required for a specific process analysis task. Our solution to 

address this requirement is based on the traceability between goals and content of 

process warehouse. In Chapter 6, goals are integrated with PW at two levels, conceptual 

and implementation level. Conceptual level describes the way goal concepts are related 

with process warehouse. Implementation level relates goals with PW at two levels 

schema level and attribute level. Schema level defines the tables and segments of table 

(in terms of attributes) that are related to a goal, whereas data level defines the instance 

of tables that are related to the goal. At the time of navigating PW using goals (discussed 

in Chapter 7) necessary and sufficient information is retrieved due to this finer 

relationship between goals and the warehouse. The results of the performance based 

evaluation presented in Chapter 9, and specifically the values of two variables 'accessible 

facts' and 'accessible dimensions' indicate a significant decrease in the dimensions and 

facts available to users. The results of 'navigation effectiveness' indicate an increase in 

accuracy with the user finds relevant data from PW. Also, the perception based 

evaluation of method indicate that a large percentage of participants agree that relevant 

information was found and most participants disagree that irrelevant information is 

available to them for process analysis. 

 

−  Requirement: A reference point should be provided for consistent interpretation of 

numeric values.  

This requirement concerns the absence of contextual information the values related to 

process performance are difficult to interpret, or can be interpreted incorrectly. 

Consequently, making the analysis and improvement inefficient. This means, for a 

consistent interpretation of numeric values by all users a reference point should be 

provided to users to facilitate the act of process analysis. Our solution to address this 

requirement is capture and providing satisfaction condition of each goal. For that, in 

Chapter 6 satisfaction condition of each goal is defined and captured in the stable part of 

PW. From Chapter 8, one of the functionalities of the developed prototype is, to retrieve 

satisfaction condition of each goal beside retrieve the values gathered from execution of 

processes. The satisfaction condition in this case, serves as a reference point for 

consistent interpretation of numeric value. The results of perception based evaluation 

indicate that a large percentage of users find it convenient to interpret numeric value and 

thereby analyze process due the available satisfaction condition. 
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Below, the remaining requirements are presented following by a description of how the 

requirements are fulfilled.  

−  Requirement: The approach should provide a step-by-step approach that can 

facilitate business process improvement.  

−  Requirement: The method should support goal based analysis and improvement of 

processes.  

−  Requirement: The method should support the use of process warehouse for process 

analysis without writing any code.  

These requirements concerns business experts' dependency on IT personnel to get the 

information about running systems. In the absence of adequate and sufficient method and 

techniques business experts cannot navigate PW and cognitive efforts to extract and 

interpret information. Consequently, does not bring values for analysis and improvement 

of processes. These requirements indicate that the approach should be a goal-driven 

method that can guide the act of retrieving data from process warehouse, analyzing it and 

improving the corresponding process. In the proposed method, due to the integration of 

goals with process warehouse discussed in Chapter 6, goals can be used to navigate 

process warehouse (as describe in Chapter 7) and supported by the prototype explained 

in Chapter 8  i.e. without write a single line of code. In Chapter 7 a step-by-step approach 

that can guide analysis and improvement of processes is discussed.  In the chapter, 

operations for navigating PW using goal structure are defined. Because, the analysis and 

improvement is driven by goals and familiarity of business users with goals business 

experts can make use of the method for analyzing process performance and decide on 

process improvement. The business experts are further facilitated with a procedure for 

analysis and improvement of processes. This is also indicated by perception based 

evaluation of our proposed approach. 

 

Discussion - Regarding the first requirement, the quantity of accessible dimensions and 

factors depends upon the dimensions and facts that are related with a goal at design time. 

Since, the goal-PW relation is defined manually therefore the reliability of results is 

subjective to the amount of dimensions and facts defined to be related with goals i.e. the 

lesser the number of dimensions and facts related with goals at design time the lesser is 

the value of accessible dimensions and facts. Also, higher the number of dimensions and 

facts related with goals at design time the higher is the value of accessible dimensions 

and facts. Similarly, navigation effectiveness (the degree of accuracy with which user 

find relevant data from the PW) is also a subjective measure and it depends upon the 

accuracy with which the dimensions and facts are related with PW i.e. higher the 

accuracy of relation between goal and PW at design time the higher is the navigation 

effectiveness. The results of the performance based evaluation presented in Chapter 9 

should therefore be carefully generalized. This means that the results of the increase in 

amount of navigation effectiveness does not represent that every user of the approach 

will achieve; rather the evaluation results are presented an as evidence that goal-PW can 

identify and retrieve necessary and sufficient information for process analysis. To further 

validate the evidence found in the performance based evaluation, perception based 

evaluation was been conducted. Based on the results of performance and perception 
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based evaluation it can be argued that in our approach it is possible to identify and 

retrieve necessary and sufficient information for process analysis. 

Regarding the second requirement, a reference point that should be provided for 

consistent interpretation of numeric values, by all users. Since, a reference point is 

provided in our approach in the form of satisfaction condition of each goal, therefore it 

can be argued that the numeric values can be interpreted consistently. This is affirmed by 

the results of the perception based evaluation of our proposed approach. 

The results of the perception based evaluation of the proposed method are presented 

in Chapter 9. The perception based evaluation focuses on the black box evaluation of the 

proposed method i.e. the evaluation of each step of the method is not conducted 

separately. The results of perception based evaluation indicate that the method was 

perceived positively by the users for performance analysis and improvement of 

processes. These results mainly reflect on the third step of the method, named 

performance analysis and improvement. Since, evaluation each step of the method is not 

conducted separately therefore the study does not establish that the first two steps of the 

method (building goal structure, integrating goals with PW) are perceived positively by 

users.  

Most of the existing efforts (see Chapter 2 and 3) focus on presenting PW design 

specification and use of goals for generating warehouse design. So, there is a scarcity of 

the approaches that step-by-step guides performance analysis and improvement of 

processes. In this research, a method is presented that step-by-step guides performance 

analysis and improvement of processes. Novelty of the proposed method lies in the 

process decomposition tree based design of the goal-structure, integration of the goal-

structure with PW, use of the goal structure for navigating PW as well as the guide 

analysis and improvement of processes. 

10.4. Limitations and Directions of Future Research 
In this thesis, a goal-driven method for performance analysis and improvement of 

processes using PW is presented. There are some limitations of this work, which are 

briefly discussed below: 

−  Third step of the method, analyze and improve business process require domain 

expertise and analysis skills. A further augmentation of the automation of this step 

is needed, specifically for choosing the process changes related to process redesign. 

−  The performance-based evaluation is conducted based on a controlled experiment 

of a single process and a fabricated data of 100 patients. The method need to be 

tested for its performance in a real world environment with complicated processes.  

−  The perception-based evaluation is based on a controlled experiment with limited 

number of participants. A real world evaluation of the usefulness of the method is 

needed. 

The directions of future works as briefly discussed below:  

−  Refinement and further evaluation of the method. Specifically, the augmentation of 

the automation of the proposed method steps. 

−  Further enrich the method by combining, resource allocation, human resource 

management and decision making theories to further facilitate theories. 
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−  Collect business process redesign guidelines in the business process management 

domain and mapping them to process analysis. 

−  Aggregating the decisions related to leaf level unfulfilled goals and aggregating to 

produce decisions for top goals. 
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Appendix B 
Personal information 

 

Qualification ____________________________________________________________ 

Experience  _____________________________________________________________ 

Knowledge & Experience in DW ____________________________________________ 

Current designation  ______________________________________________________ 
 

 

Quality of service properties 
Quality of service properties are as follows. 

Efficient - avoiding waste, including waste of equipment, supplies, ideas, and energy. 

Timely - reducing waits and sometimes harmful delays for both those who receive and 

those who give care 

Safe - avoiding injuries to patients from the care that is intended to help them, 

Patient-centered - providing care that is respectful of and responsive to individual patient 

preferences, needs, and values and ensuring that patient values guide all clinical decision, 

Equitable - providing care that does not vary in quality due to personal characteristics 

such as gender, ethnicity, geographic location, and socioeconomic status. 

 

 

Process Improvement Patterns 
 

The process improvement patterns are as follows. 

Information: Add resource type,   Add resource, Remove resource type, 

Remove resource, Substitute resource type, Substitute resource 

Organizational: Add new responsibility type, Add new responsibility, 

Remove responsibility type, Remove responsibility, Substitute responsibility 

type, Substitute responsibility 

Functional: Add activity/sub-process, Eliminate activity/sub-process, 

Replace activity/sub-process, Automate activity/ sub-process, Move 

activity/sub-process 
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Task 1 
For each question identify the goal structure that you think is relevant for analysis.  

Q1. Surplus staff is not available to discharge patients. 

Q2. More staff is needed for the preliminary diagnoses phase.  

Q3. Extra resources are needed.  

Q4. Most of the patients are not treated. 
 

 Chosen Goal Structure Chosen Quality of service property 

Q1   

Q2   

Q3   

Q4   

 

 

Task 2 
For each question perform the following tasks. 

1. Analyze the information related to the goal by comparing the values with 

satisfaction condition 

2. Generate a conclusion 

3. If unfulfilled go to the child goals 

4. Repeat the same process until top goal is fulfilled 

5. Elicitation of decision 

6. Choose process change pattern 
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Task 3 
 

The post task survey.  
 

Answer Scale 
1. Strong Disagree 2. Weak Disagree 
3. Disagree 4. Weak agree 
5. Not Sure 6. Agree 
7. Strong Agree  

 
 

 1 2 3 4 5 6 7 Comments 

Data Quality         

1. Do you think the goal-based approach 
provide all the information necessary with 
respect to the task? Completeness 

 
 

       

2. Do you think the goal-based approach 
provides the irrelevant information with respect 
to the task? – Redundancy 

        

3. Do you think that the information provided 
by the goal-based approach is described at 
sufficient level of detail? – Granularity 

        

4. Do you think the goal-based approach 
provides sufficient information for analysis of a 
goal? - Sufficiency 

        

5. Do you think it is easy to interpret the 
information in the presence of goals and 
satisfaction condition? - Understandability. 

        

 

 1 2 3 4 5 6 7 Comments 

Accessibility         
6. Do you find it convenient to access the 
required information using goals? - Easy to 
locate data 

        

7. Do you think it is easy to use the data access 
tool - Easy to use data access tools 

        

8. Do you think you are provided with sufficient 
data access tools? - Sufficient data access tools 

        

9. Do you think it is effortless to identify the 
required information? – Efficiency 

        

  

 1 2 3 4 5 6 7 Comments 

Perceived Usefulness         
10. Do you think the approach can help finish 
tasks quicker and easier?  

        

11. Do you think the goal-based approach was 
useful for analysis (to identify the bottleneck of 
the process)? - Useful to user’s job. 

        

12. Do you think the goal-based approach will 
help improving the way processes are analyzed? 
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–Effectiveness 
13. Do you think it is important for process 
analysis? 

        

 

Perceived ease of use         
14. Do you find it easy to learn the way 
warehouse is used for analysis of processes? 

        

15. Do you find it easy to navigate PW using 
goals to get the information that you want? 

        

16. Do you think it easy to become skillful/ 
expert user in process analysis by using the goal 
based approach? 

        

17. Do you think it is easy to use the goal-driven 
approach? 

        

18. Was it easy to choose the process 
improvement pattern? 

        

 

Perceived Impact         
19. Do you think the goal-based approach has 
improved task outcomes? 

        

20. Do you think the goal-based approach has 
improved analysis performance? 

        

21. Do you think the goal-based approach help in 
making better decisions on process 
improvement? 

        

 

Adaptation/ Intension to use         
22. If I have to use process warehouse in the 
future I will use goal-driven access to the 
warehouse. 

        

23. If I have to analyze process I will use the 
goal-driven approach. 

        

24. If I am involved in process warehouse project 
I would recommend the goal-based approach. 

        

25. Do you think the information is presented is 
useful format? 

        

26. Do you think the presence of goal enhances 
the understandability? 

        

27. Do you think the initial navigation of goal is 
more interactive? 

        

 

Training         
28. Do you think the provided relevant training 
for sufficient? 

        

29. Do you think the training was useful?         
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Glossary 
Agent Assignment Agent Assignment refers to the actor or the role (called actor type) 

responsible for performing an activity of a process.  
Data Model Data model is an integrated collection for describing and 

manipulating data, relationship between data, and constraints on 
the data in an organization.  

Decision Decision is a directive of course of action to achieve the desired 
state of a process.  

Decision Associated 
Information 

The information about executed business processes that must be 
considered for analysis and decision making. 

Design Methodology Design methodology is generally a step by step procedure to derive 
process warehouse design specification. 

Goal Goal is a state of a process in terms of the quality of service 
property that is intended to achieve. 

Goal Decomposition Tree Goal decomposition tree is a hierarchical structure of goals aligned 
with the modular decomposition of the control structure of a 
process model. 

Goal strucuture See goal decomposition tree.  
Initiating Condition Initiating condition refers to the cause that triggers the need for 

analysis of a business process. 
Performance Analysis 
of process 

Performance analysis of process is also called post-execution 
analysis of processes to diagnose inefficiencies in utilization of 
resources, and delays in execution of activities etc. 

Populating Process 
Warehouse 

Populating process warehouse refers to the prepation of data for 
populating process warehouse and loading it in process 
warehouse that is afterwards used for business process analysis. 

Process Change Process change refers to the concrete step or process improvement 
that is needed to implement a decision. 

Process Decomposition 
Tree 

Process decomposition tree is a graph of process that represents the 
modular decomposition of the control structure of a process 
model in a hierarchical form. 

Process Improvement Process improvement refers to at least a single change in one of the 
following, agent assigned to an activity, resource assigned to an 
activity, or change in process structure. 

Process Structure Process strucuture see the definition of process decomposition tree 
Process Warehouse Process warehouse is a separate read only analytical database that is 

used as a foundation of process orientation decision support 
system with the aim to analyze and improve business processes 
continuously. 

Process Warehouse 
Description 

Same as process warehouse design specification. 

Process Warehouse 
Design 

Process warehouse design is the process of producing a 
multidimensional data model that can support analytical tasks of 
an enterprise. 

Process Warehouse 
Usage 

Process warehouse usage, is the task of employing tools and 
technologies for using an implemented PW for process analysis. 

Process Warehouse 
Design Specification 

Process warehouse design specification is the data model of a 
process warehouse. 

Rationale Rationale represents the reason for initiating condition. 
Resource Assignment Resource assignment refers to the resource/s required to perform an 

activity of a process. 
Satisfaction Condition Satisfaction condition for an indicator is the intended value of the 

indicator. 
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