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ABSTRACT 

In the pipeline design and construction industry, the construction projects are carried out 

based upon the design descriptions including design configuration and design attributes. 

The design configuration and attributes of the projects occasionally have to be modified 

after the construction has been scheduled or during the construction process, thus 

resulting in construction project changes. These project changes usually bring significant, 

negative impacts on cost, quality, and construction schedules of the project. In this 

research, a new systematic approach is proposed to identifying the optimal design to 

minimize the potential construction project changes. This research focuses on the aspects 

of pipeline system design. 

In the configuration design aspect, relations between design configurations and 

construction tasks are modeled by matrices. The design configuration that is most 

independent to the construction tasks is identified based upon Axiomatic Design 

approach. In addition, estimation of project change cost due to the design configuration 

changes is also discussed. 

In attribute design aspect, potential changes of design attribute values are modeled by 

probability distribution functions. Attribute values of the design whose construction tasks 

are least sensitive to the changes of these attribute values are identified based upon 

Taguchi Method. In addition, estimation of project change cost due to the design attribute 

value changes is also discussed. 

Two case studies are conducted to show that the proposed approach can effectively 

manage the design and construction changes. 
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CHAPTER 1 

INTRODUCTION 

This chapter provides a brief introduction to the background of this research. The 

problem statement and the objective of this research are also outlined. The structure of 

this thesis is given at the end of this chapter. 

1.1 Background 

Previous studies on project management, project change management, and their relations 

with the design have been carried out for the last 50 years [Kioppenborg and Opfer 2002]. 

Project change management belongs to project management domain. Although project 

management is widely defined as knowledge, tools, and techniques applied to project 

activities to meet project requirements, its body of knowledge is growing tremendously 

and the value of project management is getting wider acceptance globally [Project 

Management Institute 2001]. 

Project change happens frequently [Pinto and kharbanda 1995]. The definition and causes 

of project change have been discussed extensively in practice and in the research 

literature. It is well known that project change may cause substantial adjustment to 

project timelines, total cost and quality. Project management teams have to react to the 

changes effectively and efficiently in order to minimize the negative impacts [Tiong 1990, 

Ibbs et al 1998, Kartam 1996]. 

Project change tools that have been developed are usually computer-based and specific to 

particular industries and products [Lin et al 1995, Krishnamurthy and Law 1995, Hayes 

and Sun 1995]. Some generic frameworks were developed as methodologies to manage 

project change [Reidelbach 1991, Balcerak and Dale 1992, Cohen 1995]. Pikosz and 

Malmqvist reviewed the current use of computer support on engineering change 

management and analyzed the possibility to apply a modern product data management 

system to support the process [Pikosz and Malmqvist 1998]. Strategies for improving the 

engineering change management process and the product data management systems are 
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also discussed in their research. 

Karim and Adeli developed a model for construction scheduling, cost optimization, and 

project change management [Karim and Adeli 1999]. Ibbs developed an approach to 

quantify the nature and impacts of project change [Ibbs 1997]. The results showed that 

the amount of change is negatively correlated with productivity and total installed project 

cost, whether within the design phase or construction phase, or between them. Ibbs also 

developed a project change management system based on five principles: (1) promote a 

balanced change culture, (2) recognize change, (3) evaluate change, (4) implement 

change, and (5) continuously improve from lessons learned [Ibbs et al 2001]. By applying 

this project change management system, project participants can minimize deleterious 

change and promote beneficial change. Later on, Ibbs employed a quantitative analysis 

approach to compare the design-build method and the design-bid-build method in the 

construction industry [Ibbs et al 2003]. 

Concurrent engineering provides an alternative solution for managing tasks conducted in 

parallel. The method of concurrent engineering is employed in this research. Before 

dealing with concurrent engineering in the construction industry, the factors necessary for 

its successful implementation in manufacturing need to be considered. Thus, critical 

elements for a successful concurrent engineering project are investigated. 

Concurrent engineering was initially developed as a method to reduce product 

development lead time. Since 1990s, concurrent engineering, also called concurrent 

design, has been widely used to integrate the product design, manufacturing and 

marketing processes, taking into account all desired downstream characteristics at 

upstream phases [Prasad 1996, Sohlenius 1992, Paraei and Sullivan 1993]. It is used to 

improve project quality, reduce project cost and duration [Prasad 1996, Ellis 1992]. In 

addition, concurrent engineering requires various activities in product design and 

production stage to be integrated and processed in a parallel manner rather than in a 

traditional sequential way [Sohlenius 1992]. 

Design-for-X methods share many similarities with concurrent engineering in terms of 
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the concepts and objectives. The X in Design-for-X can be applied for manufacturing, 

assembly, environment or serviceability [Magrab and Magrah 1997]. They have been 

developed to highlight different aspects of product development. Design-for-

Manufacturing [Dong 1993] and Design-for-Assembly [Anderson et al 1983] aim at 

shortening product development lead-time and reducing efforts in downstream product 

development phases. 

Design-for-Manufacturing is also called Design-for-Manufacturability [Helander and 

Nagamachi 1992, Magrab and Magrah 1997, Vliet et al 1999]. It is an approach to create 

product designs that can ease the manufacturing tasks and reduce costs [Constance 1992]. 

If successfully implemented, Design-for-Manufacturing will result in lower 

manufacturing cost without sacrificing product quality. The methods to implement design 

for manufacturing include, but not limited to, using organizational approach with cross-

functional teams, through design rules that specialized by firm, and using CAD tools such 

as Boothroyd-Dewhurst software systems [Boothroyd and Dewhurst 1983, Boothroyd 

1994]. 

Design-for-Assembly incorporates the consideration of assembly issues at the early 

design phrases where most of the production costs are determined. Design-for-Assembly 

works to reduce production costs in two ways. First, it identifies and eliminates 

unnecessary parts; second, it examines the assembly operations for the ease of altering 

the assembly process or the parts [Boothroyd 1991]. 

Even though the Design-for-X approach has been widely employed in industry, impact of 

design changes to the process changes in the downstream product development phases 

has hardly been discussed. Moreover, concurrent engineering is seldom used in the 

construction industry although it is a mature practice in the manufacturing industry. The 

existing research in construction industry intended to developing tools to facilitate 

information exchange, rather than creating design methodology for implementing 

concurrent engineering. Nevertheless, the prior studies did agree that concurrent 

engineering was a potential effective approach to the construction industry [Garza et al 

1994]. 
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In construction industry, there are several methods that are similar to apply part of the 

principles of concurrent engineering, such as fast tracking construction scheduling [Fazio 

et al 1988, Tighe 1991, Williams 1995]. Fast tracking construction scheduling is an 

approach to reduce project duration by overlapping the design and construction stages of 

a project. Nevertheless, no research has been done on identification of the optimal design 

to minimize the potential construction project changes. These goals are achieved by using 

Axiomatic Design and Taguchi Method in this research. 

Axiomatic Design was introduced by Suh [Suh 2001]. It defines design as the creation of 

corresponding solutions in the form of products, processes or systems that satisfy the 

needs through mapping between domains. Suh stated that there were four domains in the 

design world: customer domain, functional domain, physical domain and process domain. 

Design involves continuous processing of information between domains. Solution 

alternatives are created by mapping the requirements specified in one domain to a set of 

characteristic parameters in an adjacent domain. The output of each domain evolves from 

concepts to detailed information in a hierarchical manner. Hierarchical decomposition 

can be performed by zig-zag mapping between adjacent domains. The first and second 

axioms developed by Suh provide a rational basis for evaluating alternative solutions and 

identifying optimal alternative. 

Taguchi Method was initiated by Taguchi in the 1950s [Fowlkes and Creveling 1995, 

Phadke 1989]. It was referred as quality engineering in Japan and as robust design in the 

west. Regardless of the name, Taguchi Method is a disciplined engineering process that 

seeks for the best expression of a product design. The traditional engineering relied 

heavily upon inspection and statistical quality control laid at the end of their production 

life cycle where the loss could not be fully compensated as if the control would be done 

at early design stage. In contrast, Taguchi Method emphasizes pushing quality control 

back to the design stage. 

1.2 Problem Statements 

In the pipeline engineering design and construction industry, contrary to the traditional 
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sequential design and construction processes, the design and construction activities are 

usually conducted concurrently [Mohitpour 2000]. Due to various reasons, the created 

design configuration and attributes are often modified during the construction process. 

These project changes usually bring significant negative impacts to the cost, quality, and 

time schedules. 

In this research, the cost of the project change is selected as the measure to evaluate the 

impact of design change. When the design configuration is changed, the tasks and their 

resource requirements are also changed. The changes of the project tasks usually cause 

the penalty in terms of cost. Suppose the cost of the original task is Ct and the penalty 

factor is a (0 < a < 100%), the penalty cost, Cp, is calculated by 

Cr= a CT (1.1) 

In case that the attribute values are changed, if the original design D¡ and the modified 

design Dj are described by 

D. = fx, = v.,,X 1 = v.,, ....xn = v. } 
i ' I i l ' 2 i2' ' " in' 

D.= ÍX = V . , , X-, = V- , , . . . , X = V. } J ' Jl' 2 J2' ' « Ji1 

Then the cost of project change is described by 

AC =ZXv,.,, va, ... , v,.n, v.,, vj2, ... , vjn) (1.2) 

Identification of the function/is a very difficult task. Usually no mathematical equation 

can be found to define the function f. The cost change value is determined by the factors 

of the availability of the required resources, the contract agreements, overhead costs, etc. 

A computer system is usually required to obtain the project change cost. 

Since a design can be described by its configuration and attributes, the relevant required 

tasks to complete the created design in the construction project are then identified after a 

design configuration and its attribute values are created. These requirements are further 

used to identify the resources and durations of these tasks. A project is evaluated by the 

pre-selected measures, such as total construction cost, total construction time span, etc. 
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Among all these evaluation measures, the project cost is usually considered the most 

important. In case that the design may change during the construction process, the impact 

of design changes to the construction project has to be studied. As a design is modeled by 

the design configuration and its design attributes, the impact to the construction project is 

also caused by the changes of design configurations and design attributes. Those impacts 

are listed as follows: 

• Impact of Design Configuration Changes 

When the design configuration is changed, the types of tasks to implement the design 

configuration should also be changed. This change results in the changes of different 

types of personnel resources and equipment resources. Usually the originally scheduled 

tasks have to be cancelled and new resources allocated to the changed tasks. The 

cancellation of the tasks often causes serious penalty in terms of project change cost. 

• Impact of Design Attribute Value Changes 

When the design attribute values are changed, the resource requirements defined in the 

tasks to implement these design attributes usually remain the same. Therefore, the 

originally scheduled tasks do not need to be cancelled. The attribute values of the tasks, 

such as the task start time and task completion time, need to be recalculated based upon 

the new attribute values of the design. This type of change can result in the changes of 

certain tasks to earlier start times or later start times, and different durations. Compared 

with the design configuration change, the design attribute change has less impact to the 

construction project. 

Therefore, identification of the optimal design to minimize the potential construction 

project changes is required. 

1.3 Research Objective 

Compared with the traditional methods to manage project changes caused by design 

changes [Ibbs 1997, Ibbs et al. 2001], the objective of this research is to reduce the 
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unnecessary project change cost by creating the design configuration and attributes 

whose changes have the minimum impact to the construction project changes. This 

objective can be accomplished by incorporating considerations of project changes in 

down-stream development phases at the early design stage. 

This research focuses on the following two aspects: (1) to identify the design 

configuration that is most independent to the tasks in the construction project based upon 

Axiomatic Design approach [Suh 2001] and (2) to identify the design attribute values 

whose construction projects are least sensitive to the design attribute changes using 

Taguchi Method [Taguchi and Yokoyama 1993]. 

1.4 Thesis Outline 

This thesis consists of six chapters. The rest of the thesis is organized as follows. 

Chapter 2 presents the detailed research background of this work. It includes a literature 

review on project management, project change management and concurrent engineering. 

Review on concurrent engineering includes its definitions, applications in manufacturing, 

Design-for-X and related applications in construction industry. It also explains the two 

relevant techniques used in this research: Axiomatic Design and Taguchi Method. 

Chapter 3 gives the overview of the new design approach considering project change 

management. First, the modeling of potential alternative design configurations and 

construction projects using AND/OR graphs is introduced. In case that the AND/OR 

graphs become complicated, search methods used in Artificial Intelligent are employed in 

addition to manual search. This chapter also explains how a design is modeled by its 

configuration and attribute. This chapter also provides the procedures for evaluating of 

design configurations and attributes and identifying the optimal design considering 

project change management. 

Chapter 4 provides the details of configuration design for project change management. 

First, it explains the relationship between physical and process domains in single-level 

configuration design and mapping from design parameters to process variables in those 
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two domains correspondingly. Designs are classified as uncoupled designs, decoupled 

designs, and coupled designs. Second, modeling of sub-DPs, sub-PVs and super matrices 

for multiple-level configuration design are presented. Quantitative evaluations to 

decoupled designs and coupled designs in single-level and multiple-level configurations 

are also illustrated. Project change cost and potential project change cost are estimated as 

the measures to identify the optimal design configuration. A case study in pipeline design 

and construction is provided to demonstrate the effectiveness of the introduced 

configuration design approach. 

Chapter 5 discusses the details of attribute design for project change management. 

Attribute design based on numerical optimization is first explored. Then, this research 

introduces a new approach to conduct attribute design using a modified Taguchi Method 

considering the evenly and unevenly distributed probability functions of design attributes. 

Potential project change cost estimation is also discussed. At the end, a case study in 

pipeline design and construction is provided to demonstrate the effectiveness of the 

introduced attribute design approach. 

Chapter 6 gives conclusions of this research. First the conclusions on the systematic 

approach to identify the optimal design configuration to minimize the potential 

construction project changes are given. Characteristics of this Axiomatic Design based 

configuration design approach are summarized. Then, the conclusions on the attribute 

design approach to minimize the potential construction project change are discussed. 

Characteristics of this Taguchi Method based attribute design approach are also 

summarized. 
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CHAPTER 2 

RESEARCH BACKGROUND 

This chapter first presents a literature review on relevant technologies and research 

activities in project management, project change management, concurrent engineering 

and their applications. Then, the techniques of Axiomatic Design and Taguchi Method 

used in this research are introduced. 

2.1 Project Management 

Project change management belongs to project management domain. Thus, before 

looking into project change management, project management is briefly reviewed in this 

section. 

Project Management (PM) is to apply knowledge, tools, and techniques to project 

activities to meet project requirements [Project Management Institute 2000]. The research 

on project management has been conducted in the past half century [Kioppenborg and 

Opfer 2002]. However, there has been a tremendous development of research on project 

management in the last two decades. The Project Management Institute (PMI), the largest 

professional organization of PM professionals in the world, is a major organization to 

bring the latest work in project management together by updating versions of the project 

management body of knowledge (PMBoK). Whilst the value of project management is 

getting wider acceptance globally, its body of knowledge is also growing considerably 

[Pinto 2002]. 

Among the methods, techniques and tools that become available in project management, 

a survey showed that a remarkably high proportion of the companies employed only a 

small number of methods such as Gantt charts and project management software [White 

and Fortune 2002]. PM software demonstrates its importance particularly in construction 

industry. Several studies showed that construction professionals had been interested in 

integrating systems for project planning and control [Liberatore et al 2001]. 
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Traditional project management techniques developed in 1970s, such as Critical Path 

Method (CPM), Gantt charts, Work Breakdown Structure (WBS), and Project Evaluation 

and Review Technique (PERT), are still often used. The Theory of Constraints (TOC) 

developed by E. Goldratt in 1997 [Steyn 2002] addressed the shortcomings of the 

traditional techniques in scheduling and led to the development of the Critical Chain 

Method (CCM). TOC is also applicable to shared resources, project cost and risk 

management. 

From the 1980s, cost control and the use of artificial intelligent (Al) such as Knowledge-

Based Systems (KBS) have been initiated, while human resource aspects, including team 

building, leadership development and motivation, becomes the focus in 1990s. Neural 

networks were used to predict project cost. The main advantage that neural networks 

provide is the ability to capture the non-linear relations that inevitably exist between 

variables. Neural networks are able to model interdependent relations between input data 

and output data effectively. As neural network can provide relatively precise cost 

estimation, this method has been used with increasing frequency as a replacement for 

parametric regression [Emsley et al 2000, AI-Tababai et al 1999, Lowe et al 1999, Arditi 

et al 2002, Jrade and Alkass 2002]. MODEX is an example model using neural network 

to generate quantitative results and feasibility analyses in construction industry [Cigolini 

and Castellano 2002]. 

At the present time, in addition to advocating best practices and global benchmarking, 

process controls and integrated system approaches become increasingly popular 

particular to construction industry. For instances, the Design Structure Matrix (DSM), 

Generic Design and Construction Process Protocol (GDCPP), and Analytical Design 

Planning Techniques (ADePT) were developed to this purpose [Austin et al 2002]. 

2.2 Project Change Management 

Project change happens as usual as the change we encounter everyday at work or even in 

our daily life [Pinto and lcharbanda 1995]. The definition and causes of project change 

have been discussed in practice and academic literature [Naoum 1994, McCray et al 2002, 
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Yates and Eskander 2002, Love et al 2002, Velde and Donk 2002]. It is known that 

project change may cause substantial adjustment to project timelines, total cost and 

quality, project management teams have to react to the change effectively and efficiently 

in order to minimize the negative impacts [Tiong 1990, Ibbs et al 1998, Kartam 1996]. 

Project change tools that had been developed were usually computer-based and specific 

to particular industries and products [Lin et al 1995, Krishnamurthy and Law 1995, 

Hayes and Sun 1995] whereas methodologies could be described by generic frameworks 

[Reidelbach 1991, Balcerak and Dale 1992, Cohen 1995]. Pikosz and Malmqvist 

completed a comparative study of engineering change management in three Swedish 

engineering companies. They surveyed the current use of computer support and analyzed 

the possibility to apply a modern product data management system to support the process. 

Strategies for improving the engineering change management process and the product 

data management systems were also presented [Pikosz and Malmqxist 1998]. 

Karim and Adeli developed a model for construction scheduling, cost optimization, and 

project change management [Karim and Adeli 1999]. This model was used for organizing 

the activities in a highway construction project. Ibbs developed an approach to quantify 

the nature and impacts of project change [Ibbs 1997]. This research focused on the 

project change during the detailed design and construction phases. The results showed 

that the amount of change is negatively correlated with productivity and total installed 

project cost, whether within the design phase or construction phase, or between them. 

Ibbs also developed a project change management system based on five principles: (1) 

promote a balanced change culture, (2) recognize change, (3) evaluate change, (4) 

implement change, and (5) continuously improve from lessons learned [Ibbs et al 2001]. 

By applying this project change management system, project participants can minimize 

deleterious change and promote beneficial change. The quantitative analysis approach 

was also employed for comparing the design-build method and the design-bid-build 

method in construction industry [Ibbs et al 2003]. 

2.3 Concurrent Engineering 

This section reviews research on concurrent engineering and its implementation in 
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manufacturing. Previous research on concurrent engineering and its applications in the 

construction industry are also discussed. 

2.3.1 Definition of Concurrent Engineering 

Concurrent engineering was initially introduced to reduce product development lead time 

by incorporating the downstream product development considerations into the early 

design stage [Evans 1988, Stauffer 1988, Barakan 1988]. Its definition has been 

broadened in 1990s [Prasad 1996]. Concurrent engineering, also called concurrent design, 

has been recognized as the effective design approach by the integration of the product 

design, manufacturing and marketing processes, taking into account all desired 

downstream characteristics at upstream phases [Sohlenius 1992, Parsaei and Sullivan 

1993]. It can improve project quality and reduce project cost and duration [Prasad 1996, 

Ellis 1992]. Concurrent engineering requires various activities in product design and 

production stage to be integrated and processed in a parallel manner rather than in a 

sequential way [Sohlenius 1992]. 

There are no standard definitions of concurrent engineering. Several widely accepted 

definitions of concurrent engineering are summarized as: paralleling of life cycle 

functions, taking into consideration all the elements of the life cycle [Winner 1998]; up

front consideration of X-ability issues [Prasad 1996]; the maximization of quality [Ellis 

1992]; improvement of quality, reduction of lead-time and lowering of costs [Prasad 

1996]; and the empowerment of team members and the focus on the whole rather than 

individual pieces [Turino 1992]. 

2.3.2 Concurrent Engineering in Manufacturing 

Before dealing with concurrent engineering in construction industry, the factors 

necessary for successful implementation of concurrent engineering in manufacturing 

needs to be considered. There are several elements considered to be critical for 

determining whether a concurrent engineering project would or would not succeed. From 

the relevant literature, these elements are summarized as follows. 
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2.3.2.1 A Multi-disciplinary Team 

A concurrent engineering project is usually conducted by a multi-disciplinary team that 

contributes the necessary knowledge to the project [Owen 1992]. The tasks of the multi-

disciplinary team should include: innovation environment; early involvement of 

personnel responsible for downstream activities; authorization to decision making; skills 

that would be needed at particular timelines; well-defined team objectives, requirements, 

roles, and procedures; and clearly defined project goals and performance measurements. 

2.3.2.2 ParticipationofAllTeams 

A project would not be considered as a concurrent engineering project unless all teams or 

parties participate in the process as early as possible [Prasad 1996]. Participation of all 

teams should include outside trade partners. The partnerships usually lead to form a 

virtual company responsible for the project. The implementation of quality assurance 

program and building of efficient communication channels should also be addressed. 

2.3.2.3 Decomposed and Sequential Activities 

Concurrent engineering requires a time overlap among project activities and tasks and it 

is applicable to both process and resources. It is also called "concurrency and 

simultaneity" [Costello 1991]. Concurrent processing activities are performed 

simultaneously [Prasad 1996]. The product realization process is usually decomposed 

into discrete activities. Overlapping the decomposed requires the reconstruction of the 

whole process again from its parts. Parallel tasks and their overlap periods depend on the 

degree of dependence. Tasks or activities relate to each other in four ways: dependent, 

semi-independent, independent, and interdependent. Concurrent resource scheduling is to 

optimize time schedules on man-power, equipment and facilities. 

2.3.2.4 Efforts to Minimize Interfaces 

There are two major types of interfaces: product interfaces and process interfaces [Prasad 

1996]. To minimize product interfaces, the following measures should be achieved. First, 
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the decomposed solutions are integrated into a well-connected system using interface 

management. Second, products should be simplified based on Design-for-X-ability 

methods. Next, the simulated performance measures are used to evaluate the design 

considering trade-off between performance values. At last, features and elements that are 

invisible to customer should be identified. Similarly, standardizing process features, 

simplifying the process, and avoiding variable processes are useful measures to minimize 

process interfaces. Besides, promoting just-in-time material delivery and using process 

simulation are also helpful. 

2.3.3 Design-for-X 

Sharing many similarities with concurrent engineering in terms of the concepts and 

objectives, Design-for-X methods such as Design-for-Manufacturing [Dong 1993] and 

Design-for-Assembly [Anderson et al 1983] aim at shortening product development lead-

time and reducing efforts in downstream product development phases by incorporating 

the considerations in the downstream product development aspects into the early design 

stage [Gu 1993]. The X in Design-for-X can be applied for manufacturing, assembly, 

environment, or serviceability [Magrab and Magrah 1997]. They have been developed to 

emphasize different aspects of product development. 

Design-for-Manufacturing is also called Design-for-Manufacturability [Helander and 

Nagamachi 1992, Magrab and Magrah 1997, Vliet et al 1999]. It is an approach to create 

product designs that ease the manufacturing efforts and reduce the manufacturing costs 

[Constance 1992]. In conventional way, designers should provide with updated 

knowledge of manufacturing processes, tools and fixtures in order to improve the 

efficiency of the product realization process. When manufacturing processes go complex, 

designers are hard to fully consider all the requirements of manufacturability. Successful 

Design-for-Manufacturing results in lower manufacturing cost without sacrificing 

product quality. There are few methods to implement design for manufacturing: by 

organizational approach with cross-functional teams; through design rules specialized by 

firms; and using CAD tools such as Boothroyd-Dewhurst software systems [Boothroyd 

and Dewhurst 1983, Boothroyd 1994], 
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Design-for-Assembly incorporates the consideration of assembly issues during the design 

phrase. Considering the assembly of products at design stage is essential since most of 

the production costs are determined at the early design stage. Design for assembly works 

to reduce production costs in two main ways: identifying and eliminating unnecessary 

parts and examining the assembly operations for the ease of altering the assembly process 

or the parts [Boothroyd 1991]. 

Although the Design-for-X approach has been widely employed in industry, impact of 

design changes to the process changes in the downstream product development phases 

has seldom been discussed. 

2.3.4 Concurrent Engineering Research in Construction Industry 

The concurrent engineering is seldom used in the construction industry even though it is a 

mature practice in the manufacturing industry. The existing researches in construction 

industry focus on developing tools to facilitate information exchange, rather than creating 

methodology for implementing concurrent engineering. Nevertheless, the prior studies 

agreed that concurrent engineering was a potential effective approach to construction 

industry [Garza et al 1994]. 

The research result on concurrent engineering in the construction industry was published 

by Huovila from Technical Research Centre of Finland [Huovila et al 1994]. This 

research introduced the difference between concurrent engineering and other initiatives 

such as fast track construction. Garza was one of the pioneers who started the research in 

applying concurrent engineering in construction industry [Construction Industry Institute 

1995]. The research sponsored by the Construction Industry Institute identified that 

concurrent engineering was one of five schedule reduction tools and it could reduce 

project delivery time without increasing project costs. 

Garza presented general guidelines for construction companies to implement concurrent 

engineering [Garza et al 1994]. He stated that three types of organizational structure were 

popular: project, functional and matrix. A macro-matrix organizational structure was 
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encouraged to implement. In a macro-firm matrix organizational structure, numerous 

firms form the project teams. They have to balance the needs of the project and their 

corporate functional requirements. Concurrent engineering can be implemented by 

balancing the following elements: organizational structures by forming a macro-firm 

matrix organizational structure, communication infrastructure by using computerized 

systems, and product development involving project participants at early stage. 

Eldin stated that there were 13 critical factors for successfully implementing concurrent 

engineering in construction industry. These factors were grouped under areas of 

employee, management and process. In his study, several implementation barriers in 

these three areas were also discussed [Eldin 1997]. 

Concurrent construction was introduced by Jaafari as an integrated approach to project 

planning and execution from conceptualization to project completion [Jaafari 1997]. This 

research suggested that construction process should be divided into clusters of 

interdependent activities. The composite teams can expand clusters to include upstream 

and downstream activities and group the process logically in terms of activity 

dependencies. Jaafari recommended the following considerations: use of contractors; 

development of management strategy; use of objective-focused approach; integrated 

information management system; real-time scheduling; and reporting tools and 

knowledge base systems. 

Concurrent engineering has been successfully applied in manufacturing. In construction 

industry, there are several methods that are similar to apply part of the principles of 

concurrent engineering, such as fast tracking, value analysis and lean design. Fast track 

construction scheduling, sometimes called phased construction, is an approach to 

compress project duration by overlapping the design and construction stages of a project 

[Huovila et al 1994]. Initial construction activities are started before the design is 

finalized [Hendrickson and Au 1989]. The Construction Industry Institute defined fast 

track scheduling as the "overlap of engineering, construction and startup" [Construction 

Industry Institute 1988]. However, the simple overlap of activities in fast track 

construction scheduling may increase uncertainty, which results in unforeseen costs and 
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construction delays [Fazio et al 1988]. The difference between concurrent engineering 

and fast track construction was further defined by the Construction Industry Institute 

[Construction Industry Institute 1995]. Concurrent engineering is a schedule reduction 

approach that shortens the project duration but does not result in an increase in project 

cost while fast tracking scheduling is a schedule compression technique that shortens the 

project duration but results in increased project cost. Value analysis also called value 

engineering and value management was originated to improve the design of products or 

to determine if there were alternatives and better ways for a product to perform the 

desired functions [Shen and Liu 2003]. Lean design applies the principles of lean 

production that promote the production of quality engineering deliverables with a 

minimum time and resources in a stable, capable process [Freiré and Alarcon 2002]. 

2.4 Axiomatic Design 

Axiomatic Design was introduced by Nam Pyo Suh [Suh 2001]. Axiomatic Design 

method defines design as the creation of corresponding solutions in the form of products, 

processes, or systems that satisfy the needs through mapping between domains. Suh 

stated that there were four domains in the design world as shown in Figure 2.1. The 

customer domain is characterized by the needs of the customer in the product, process, 

system, or material. In the functional domain, the customer needs are specified as 

functional requirements (FRs). The FRs represent the goals of the design or what we 

want to achieve. Design parameters (DPs) in the physical domain are created to describe 

how to satisfy the specified FRs. At the end, the process variables (PVs) in the process 

domain are developed to produce the product specified in terms of DPs. 

In Axiomatic Design, Suh stated how design tasks in different engineering fields could be 

described in terms of the four design domains. The fields include the design issues in 

manufacturing, materials, software, organizations, systems and business. Following the 

logical structure of the design world, it is possible to consider all design issues that arise 

in the four domains systematically and concurrently. 
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Functional 
Domain 

Physical 
Domain 

Process 
Domain 

Customer 
Needs 

Product 
Functions 

Product 
Design 

Process to 
Realize FVoduct 

Figure 2.1: Four Domains of the Design World 

The hierarchical structure can be used to decompose the characteristic vectors of FRs, 

DPs, and PVs into different levels. Figure 2.2 shows the hierarchies or design architecture 

in the functional domain. A vector at a higher level can be decomposed into sub-vectors 

at a lower level. The decomposition process is processed level by level until the design 

solution can be identified. The hierarchies of FRs, DPs and PVs are established through 

this decomposition process. 

FR 

FRi FR 2 

FRu FR 1 2 

I 
FR 1 2 I FR 1 2 2 FR 1 2 3 

FR !23! FR !232 

Figure 2.2: Decomposition in Functional Domain 
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Zigzagging method describes the process of decomposing the design into hierarchies by 

mapping between pairs of domains. From Figure 2.3, we can see how zigzagging method 

works to decompose FRs and DPs in the functional domain and the physical domain and 

to decompose DPs and PVs in the physical domain and process domain. At the end of 

this process, the FR, DP and PV hierarchies are created. 

Functional Domain 
(fiirertüonal ReqmmneHÍs) 

Physical Domain 
(Design Paiamet ers) 

Process Dorrain 
(Process Variables) 

FRISI FRlM FR123 <=> DP121 DP122 DPlB =t> PVUl PVlM PVlB 

Figure 2.3: Zigzagging Method in Functional, Physical and Process Domains 

In order to satisfy the mapping between domains, two axioms must be followed. First, the 

independence axiom suggests to maintain the independence of FRs. In ideal design, the 

DPs and the FRs are related in a way that a specific DP can be modified to satisfy its 

corresponding FR without affecting other FRs. Second, the information axiom is to 

minimize the information content. Among alternative designs that satisfy the first axiom, 

the information axiom provides a quantitative measure - the best design has the 

minimum information content with the maximum probability of success. 

The mapping of relations between two domains is represented by a design matrix. The 

relationships between FRs and DPs, and between DPs and PVs can be written as: 

{FRs} = [A] {DPs} 

{DPs} = [B] {PVs} 

where [A] is the design matrix that characterizes the product design and [B] is the design 

matrix that defines the process design. 

The design matrix is described in the following form for a design that has three FRs and 
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three DPs : 

M = 

AXX AXl A\l 
AlX All A13 
A3X A31 A33 

(2.1) 

Its design equations can be described by: 

FRl = A l 1 DPI + A12 DP2 + A13 DP3 

FR2 = A21 DPI + A22 DP2 + A23 DP3 

FR3 = A31 DPI + A32 DP2 + A33 DP3 

(2.2) 

To satisfy the independence axiom, the design matrix must be either diagonal or 

triangular. When the design matrix is diagonal, the design is called an uncoupled design. 

It means each of the FRs can be satisfied independently by means of one DP. When the 

matrix is triangular, the design is called a decoupled design. The DPs must be selected 

following a proper sequence in order to guarantee the independence of FRs. Any other 

form of the design matrix is called a full matrix and the design described by a full matrix 

is called a coupled design. In a coupled design, it is impossible to change one DP without 

affecting the other FRs. The following example matrices demonstrate the relationship 

between physical domain and process domain: 

• Uncoupled Design 

DPI 'XO 0' PVXX 
• DPI . = 0 X 0 • PVXl 

DP3^ OOX PVX3 

Decoupled Design 

DPI ~X 0 0" PVlX 
< DPI XXO < PVll 

DP3 XXX PV13 



21 

• Coupled Design 

DPI ~X 0 X' PV3Ï 
• DPI • = X X 0 < PV32 > 

DP3 X X X PV33 

where an X and 0 in a cell represents whether the corresponding DP and PV have a 

relation or have no relation, respectively. 

2.5 Taguchi Method 

Taguchi Method has been used in quality engineering with great success since 1950s 

[Fowlkes and Creveling 1995, Phadke 1989]. Many companies realized that the 

traditional quality assurance approaches became less competitive, since these methods 

relied heavily upon inspection and statistical quality control laid at the end of their 

production life cycle. The loss could not be fully compensated as if the control would be 

done at early design stage. Taguchi Method was initiated by Genechi Taguchi and 

emphasizes pushing quality control back to the design stage [Wysk et al 2000]. 

If quality is defined as being within specifications or zero defects, in the Taguchi Method 

quality means the minimum loss imparted by the product to the society from the time 

product is shipped [Taguchi 1986]. The quadratic loss function is shown in Figure 2.4 

and it illustrates how the cost of quality relates to the specification limits. This allows the 

designers to actually calculate the optimum design [Teicholz and Orr 1987]. 

LSL USL 

LSL. Lower SDecification Limit: USL. Uooer SDecification Limit 

Figure 2.4: The Quadratic Loss Function 
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To achieve desirable product quality by design, Taguchi suggested a three-stage process: 

system design, parameter design, and tolerance design [Taguchi 1986]. System design is 

the conceptualization and synthesis of a product or process to be used. This stage requires 

new ideas, concepts and technical knowledge from science and engineering. The design 

team needs to determine the right combination of materials, parts, processes and design 

factors that satisfy functional and economical specifications. 

After the system architecture has been determined, the second step is attribute design. Its 

objective is to select the optimum levels for the controllable system attributes that are 

robust against noise factors. System attributes are experimentally analyzed to determine 

how the product or process responds to uncontrollable "noise" in the system. Attribute 

design is the main thrust of Taguchi's approach as it is responsible for finding the 

appropriate design factor levels that make the system less sensitive to variations in 

uncontrollable noise factors [Ross 1988]. Using orthogonal arrays to reduce the number 

of experiments significantly, the optimum choice of attributes can be determined with 

less research and development costs. Thus, the total manufacturing costs can also be 

reduced. 

As attribute design is not sufficient for minimizing the quality loss or output variation, 

tolerance design has to be applied as the last step. The tolerances for the products or 

processes are established to minimize the sum of the manufacturing and life cycle costs 

of the product or process. Those tolerance factors that have the largest influence on 

variations are adjusted after the attribute design stage when the target values of quality 

have not yet been achieved. Tightening the tolerances will increase the cost of the 

product or process as it requires better materials, components, or machinery to achieve 

the tighter tolerances [Phadke 1989]. 

Taguchi Method provides a systematic and efficient approach for conducting matrix 

experiments to determine optimal settings of design attributes for high performance and 

low cost. It aims at selecting the best combination of control attributes so that the product 

or process is most robust with respect to noise factors [Phadke 1989]. Control factors, 

such as material choice, cycle time, or mold temperature in an injection molding process, 

usually can be easily controlled. Noise factors are the factors that are difficult or 
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impossible or too expensive to control. There are three types of noise factors: outer noise, 

such as ambient temperature, humidity, and operator activities; inner noise, such as 

machinery aging, tool wear and deterioration; and between product noise, such as process 

to process variation where they are supposed to be the same. 

Noise factors are primarily responsible for causing performance or quality deviation from 

its target value. Hence, attribute design seeks the control factor values which make the 

product insensitive to variations in the noise factors or make the product more robust 

without actually eliminating the causes of variation. 

Taguchi Method uses orthogonal arrays to study a large number of variables by 

considering only a small number of experiments. Orthogonal arrays were not introduced 

by Taguchi. He modified these orthogonal arrays as tabulated sets of standard orthogonal 

arrays. This method significantly reduced the number of experiments needed to be taken. 

A B C D 

1 1 1 1 1 

2 1 2 2 2 

3 1 3 3 3 

4 2 1 2 3 

5 2 2 3 1 

6 2 3 1 2 

7 3 1 3 2 

8 3 2 1 3 

9 3 3 2 1 

Figure 2.5: L 9 (34) Orthogonal Array 

The orthogonal arrays frequently being used are the L4, L9, L12, Lis, and L27 [Fowlkes 

and Creveling 1995, Phadke 1989]. Figure 2.5 shows a typical standard orthogonal array 

L 9 . In L 9 design, the "9" indicates the number of rows (nine in this example), 

configurations or prototypes to be tested. There are four attributes A, B, C and D and the 

value of each attribute is defined at three levels. L 9 means nine experiments should be 
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conducted to study how the four variables respond at three levels. The L9 orthogonal 

array reduces 3 4 or 81 configurations to 9 experiments. 

To implement the design, Taguchi advocated the use of an "inner array" and an "outer 

array" approach. The inner array consists of the orthogonal array that contains the control 

factor settings; the outer array is the orthogonal array that contains the noise factors and 

their settings under investigation. The combination of the inner and outer arrays 

constitutes what is called the "product array" or "complete parameter design layout." 

(1) Determine The Quality Characteristic to Be 
Optimized 

(2) Identify the Noise Factors and Test Conditions 

(3) Identify the Control Factors and Their Alternative 
Levels 

(4) Design the Matrix Experiment and Define the Data 
Analysis Procedure 

(5) Conduct the Matrix Experiment 

(6) Analyze the Data and Determine Optimum Levels 
for Control Factors 

I 
(7) Predict the Performance at These Levels 

Figure 2.6: A Typical Procedure in Taguchi Method 

Figure 2.6 provides an overview of the Taguchi Method. The details of these processes 

are only briefly explained in this section. The first step in Taguchi Method is to determine 

the quality characteristic to be optimized. The quality characteristic is an attribute that its 

variation has a critical effect on product quality. The second step is to identify the noise 
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factors that have negative impact on system performance and quality. The third step is to 

identify the control parameters with significant effects on the quality characteristic. The 

levels for each control parameter must be chosen at this point as they define the 

experimental region. The forth step is to design the matrix experiment and define the data 

analysis procedure. The orthogonal arrays for the noise and control attributes are selected 

in according with the standards. The fifth step is to control the matrix experiment and get 

the results. The experiments can be carried out as physical experiments or computer 

based simulation. After achieving the response data, the sixth step is to analyze the results 

by a statistical measure of performance called signal-to-noise (SfN) ratio. As the 

predicted optimum setting does not need to be one of the rows of the experiment matrix, 

running confirmation experiment is required at the final step. 
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CHAPTER 3 

OVERVIEW OF A NEW DESIGN APPROACH CONSIDERING PROJECT 

CHANGE MANAGEMENT 

3.1 Introduction 

This chapter introduces a new approach that incorporates considerations of project 

change in downstream construction phase at the early design stage. Figure 3.1 shows the 

general framework of this approach. 

Modeling of Alternative Designs and 
Construction Projects 

Evaluation of Design Configurations and 
Identification of the Optimal Design 

Configuration  

Evaluation of Design Attributes and 
Identification of the Optimal Design 

Attributes 

Figure 3.1: General Framework of the Design for Project 

Change Management Approach 

The activities in this approach are organized in three phases: (1) modeling of the 

alternative designs and construction projects using an AND-OR graph, (2) evaluation of 

design configurations and identification of the optimal design configuration, and (3) 

evaluation of design attributes and identification of the optimal design attributes. 

3.2 Modeling of Alternative Designs and Construction Projects 

A design is modeled by its configuration and attributes. A configuration is an alternative 

design candidate to satisfy the given design requirements whereas attributes are the 
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design details to model the design candidate. As an example of design, a gear-pair 

mechanism and a pulley-belt-drive mechanism are two different design configurations to 

satisfy the rotation-to-rotation transformation function, while the tooth-numbers of gears, 

rotational speeds of the shafts and gears are the attributes of these design configurations. 

A design configuration can be modeled by its sub-configurations and each feasible 

configuration can be described by a series of design descriptions. For example, if an 

office desk is composed of desk top, drawers, and legs, the task to design the desk can be 

decomposed into the sub-tasks to design the desk top, the drawers, and the legs as shown 

in Figure 3.2. When a super-node is supported by all the sub-nodes, these sub-nodes are 

associated by a logical AND relation. 

Desk 

Desk-Top Drawers Legs A N D Relation 

(a) A Design Configuration 

Weight[Desk] = 20 kg 

Price[Desk] = $100 

Width[Desk-Top] = 120 cm 

Length[Desk-Top] = 75 cm 

Number[Drawers] = 3 

Height[Legs] = 70 cm 

Number[Legs] = 4 

(b) Design Attributes of the Design Configuration 

Figure 3.2: Desk Design 

Figure 3.2 also shows the design attributes of the design configuration for the desk design 

mentioned above. Both the design configuration changes and the design attribute changes 
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have impact to construction project changes. Thus, it is important to identify the optimal 

design configuration and attribute values to minimize the impact. 

A design configuration can also be modeled by alternative sub-configurations. For 

example, the design of the rotation-to-rotation transformation mechanism can be 

conducted by either the tasks to design the gears and shafts in a gear-pair mechanism or 

the tasks to design pulleys, belt, and shafts in a pulley-belt-drive mechanism, as shown in 

Figure 3.3. When a super-node is supported by only one of the sub-nodes, these nodes 

form a logical OR relation. 

Gear Shafts Pulleys Belts Shafts OR Relation 

Figure 3.3: Sub-Nodes with an OR Relation 

Each node in a feasible design configuration is associated with a number of design 

attributes. An attribute is defined by a pair of attribute name and attribute value, such as 

tooth-number [gear-1] = 40 

where gear-1 is the node name, tooth-number is the attribute name, and 40 is the attribute 

value. 

Since a feasible design configuration is described by a collection of design nodes and 

each design node is described by a collection of attributes, a design configuration, D¡, can 

then be represented by a set of attributes: 

— {xa, x ¿ 2 , • • •, xin¡} 

Alternative design configurations can be created from the AND-OR graph and modeled 

by trees with only AND relations. Each node in the AND-OR graph is described by a 
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Design Parameter (DP) representing a partial design solution. The corresponding Process 

Variable (PV) tree is created from the DP tree for modeling the construction project. 

Figure 3.4 illustrates the representation scheme for modeling alternative design 

configurations and corresponding construction projects. This work belongs to the initial 

phase of the framework shown in Figure 3.1. Then, evaluation of design configurations 

and identification of optimal design configuration are conducted using Axiomatic Design 

approach. As each node in a feasible design configuration is associated with a number of 

design attributes, optimal attribute values for this design configuration can be obtained 

using constrained optimization and Taguchi Method. 

Modeling of Alternative Design Modeling of the Corresponding 
Configurations Using AND/OR Construction Projects Using AND/OR 

Graph Graph 

Figure 3.4: Modeling of Alternative Designs and Construction Projects 

3.2.1 Modeling of Alternative Design Configurations Using an AND-OR Graph 

In Figure 3.5, the AND and OR relations form an AND-OR graph for modeling 

alternative design configurations. Each node in the AND-OR graph is used to model a 

partial design solution such as a mechanism, a component, or a design feature. 

DP U DP 1,2 DP 1,3 DP 1,4 D P 3 , , D P 3 L 2 
D P 3 J 3 D P 3 J 4 

Figure 3.5: An AND-OR Graph for Modeling Alternative Design Configurations 
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A feasible design configuration can be created from the AND-OR graph through graph-

based search. The following conditions have to be satisfied during the search process: 

• The root node has to be selected first. 

• When a node is selected and all its sub-nodes are associated with an AND relation, all 

these sub-nodes should be selected. 

• When a node is selected and all its sub-nodes are associated with an OR relation, only 

one of these sub-nodes should be selected. 

Figure 3.6 shows the feasible design configurations generated from the AND/OR graph 

shown in Figure 3.5. These design configurations are modeled by a set of graphs with 

only AND relations. 

D P u DPi i 2 DP3,, DP3,2 

Design Configuration 1 

DP,,, DP,,2 DP 3 l 3 DP 3 i 4 

Design Configuration 2 

DP l l 3 DP l i 4 DP3,, DP 3 i 2 

DP, DP 2 DP 3 

D P u DP l i 4 DP 3 i 3 DP 3 i 4 

Design Configuration 3 Design Configuration 4 

Figure 3.6: Feasible Design Configurations Created from the AND-OR Graph 

3.2.2 Modeling of Construction Projects Using an AND-OR Graph 

A corresponding AND-OR graph to represent construction projects can be created from 

the design AND-OR graph. In Figure 3.7, each PV node in the AND-OR graph is used to 
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represent a task to implement the corresponding design shown in Figure 3.5. 

PV 3 J P V 3 l 2 P V 3 3 PV 3 , 

Figure 3.7: An AND-OR Graph for Modeling Alternative Construction Projects 

Similarly, Figure 3.8 shows the feasible construction projects created from the AND-OR 

graph given in Figure 3.7. These construction projects are modeled by a set of graphs 

with only AND relations. 

PV, j P V l j 2 PV 3 J PV 3 i 2 

Construction Project 1 

P V U P V L I 2 P V 3 I 3 P V 3 I 4 

Construction Project 2 

Construction Project 3 

P V L J 3 P V L I 4 P V 3 I L P V 3 I 2 
P V L I 3 P V L I 4 P V 3 J 3 P V 3 I 4 

Construction Project 4 

Figure 3.8: Feasible Construction Projects Created from the AND-OR Graph 

3.2.3 Searching Method 

When the AND-OR graphs to model the alternative design configurations and their 

corresponding construction projects are complicated, a search method is needed to create 
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the design candidates and corresponding projects from these AND-OR graphs. In this 

research, the state-space search algorithms used in artificial intelligence are employed. 

In state-space search [Luger 2002], a graph is composed of nodes and arcs to connect 

those nodes. A solution is a path from the initial node to the goal node. A state space can 

be searched in two directions: forward chaining and backward chaining. Forward 

chaining, also called data-driven search, is a search from the given data of a problem 

instance towards a goal. The backward chaining starts from a goal back to the given data. 

In addition to specifying a search direction such as data-driven or goal-driven, a search 

algorithm should be used to determine the order in which nodes are examined in the 

graph. These algorithms include depth-first search, breadth-first search, and best-first 

search. A computer program is usually used to perform search to identify the solutions. 

3.3 Evaluation of Design Configurations and Identification of the Optimal Design 

Configuration 

Design configuration candidates, construction projects and their relations are created 

from AND-OR graph in the initial phase. The design configurations are then evaluated 

using the Axiomatic Design approach [Suh 2001]. 

In our research, a matrix [A] is used to describe the relations between design 

configuration and construction projects. Unlike the traditional Axiomatic Design 

approach, both single-level and multiple-level configuration designs are considered in 

this research. 

The dependency relations among design and construction project activities are evaluated 

by the Independent Axiom, which is the first axiom in Axiomatic Design. The relations 

are clustered in three categories: uncoupled, decoupled and coupled. 

In case of uncoupled design, no further evaluation is required as it presents an ideal 

design. Each DP is dependent on only one PV. When one DP is changed, only one PV 

needs to be changed. 



33 

Decoupled design is less preferable than uncoupled one. A decoupled design is described 

by a triangular matrix. Degree of decoupling and relative degree of decoupling are the 

quantitative evaluation measures introduced to evaluate design configurations. 

Since a coupled design does not satisfy the Independence Axiom, this type of design 

should be avoided. However, a full matrix can be changed into a triangular or diagonal 

one by changing relations among DPs and PVs. Thus, degree of coupling and relative 

degree of coupling are also introduced to identify the design candidate that needs the least 

efforts to be changed into decoupled or uncoupled designs. 

Project change cost (or potential project change cost) can be estimated based on the 

design configuration change (or potential design configuration change) and the relations 

defined in the matrix [A]. 

From the above evaluations, the optimal design configuration can be identified. The 

procedures to evaluate design configurations and to identify the optimal design 

configurations are illustrated in Figure 3.9. 

3.4 Evaluation of Design Attributes and Identification of the Optimal Design 

Attributes Values 

A design configuration is described by a collection of attributes. Ifuncertainty factors are 

not considered, the optimal attribute values for this design configuration can be obtained 

using constrained optimization approach. 

When uncertainty factors become major concerns, evaluation and identification of the 

optimal attribute values whose project is least sensitive to the changes of design attributes 

has to be conducted. Taguchi Method is employed in this research. This type of design is 

also called robust design. 

Taguchi Method is used in two types of design. The first type is associated with evenly 

distributed probabilities of attribute changes whereas the second type of design is for 

unevenly distributed probabilities of attribute changes. 
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Project change cost or potential project change cost can also be estimated from design 

attribute changes or potential design attribute changes. The optimal design attribute 

values are identified at the end of this process. Since this is the last phase of the design 

for project change management approach, the optimal design that is the most independent 

and least sensitive to design changes can be obtained. The procedures to evaluate design 

attributes and to identify the optimal attribute values are shown in Figure 3.10. 

Creation of Design Configuration Candidates, 
Construction Projects, and Their Relations 

Single-Level Design or Multiple-Level 
Single-Level Design ,, Multiple-Level Design 

Identification of the Top-Level Relations 

Evaluation of the Dependency Relations among Design and Construction 
Project Activities Based upon Independence Axiom 

Uncoupled Dependency 
Relations? 

Coupled 

Decoupled 

Evaluation of the Degree of 
Decoupling 

Evaluation of the Degree of 
Coupling 

Estimation of Project Change 
Cost & Potential Project 

Change Cost 

Removal of Decoupling Relations Yes 
Design Modification Required? 

No 

Optimal Design 
Configuration 

Figure 3.9: Evaluation of Design Configurations and Identification of the Optimal 
Design Configuration 
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Modeling of a Design Configuration Using Design 
Attributes 

Uncertainty with Evenly 
Distributed Probabilities 

Uncertainty of Design Attribute 
Values? 

No Uncertainty 

Uncertainty with 
Unevenly Distributed 
Probabilities 

Taguchi Method-based 
Robust Design 

Numerical 
Optimization 

Modified Taguchi Method-
based Robust Design 

Estimation of Project 
Change Cost and Potential 

Project Change Cost 

Optimal Design Attribute Values 

Figure 3.10: Evaluation of Design Attributes and Identification of the Optimal 

Design Attributes 
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CHAPTER 4 

CONFIGURATION DESIGN FOR PROJECT CHANGE MANAGEMENT 

This chapter introduces the configuration design approach. First, the relations between 

design configurations and construction tasks are modeled by Axiomatic Design matrices. 

The design configurations with single-level and multiple-level data structure and 

quantitative evaluations to their dependency relations are also presented. Next, estimation 

of potential project change cost due to the potential design configuration changes is 

discussed. Subsequently, the design configuration that is most independent to the 

construction tasks is identified based upon the Axiomatic Design approach. A case study 

in pipeline engineering design and construction is given to show the effectiveness of the 

introduced approach. 

In Axiomatic Design, design is defined as the process to create corresponding solutions in 

the form of products, processes, or systems that satisfy the needs through mapping 

between domains. Suh stated that there were four domains in the design world: customer 

domain, functional domain, physical domain, and process domain [Suh 2001]. Design 

involves continuous processing of information between domains. Solution alternatives 

are created by mapping the requirements specified in one domain to a set of characteristic 

parameters in an adjacent domain. The output of each domain evolves from concepts to 

detailed descriptions. Hierarchical decomposition of design descriptions can be 

conducted by zigzagging mapping process. The first and second axioms developed by 

Suh provide the basis for evaluating alternative solutions and identifying the optimal 

alternative. 

4.1 Configuration Design Considering Single-Level DPs 

4.1.1 Physical and Process Domains 

Design parameters (DPs) in design domain are mapped to process variables (PVs) in the 

process domain during the design and construction process. The design and process 

descriptions are described by AND-OR graphs representing the hierarchical evolutionary 
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process. The relations between DPs and PVs are modeled by a matrix. 

In the configuration design, each node in the AND-OR graph is described by a design 

parameter. Therefore, a design configuration is described by a set of Design Parameters 

while the construction project is described by a set of Process Variables. Configuration 

design is aimed at identifying the design modeled by DPs that is most independent to the 

construction project modeled by PVs based upon the Axiomatic Design approach. 

4.1.2 Mapping from Design Parameters to Process Variables 

After the design parameters (DPs) are chosen, process variables (PVs) are then identified. 

Feasible construction projects are created by mapping a set of DPs specified in physical 

domain to a set of PVs in process domain. Figure 4.1 shows single-level AND-OR graphs 

for modeling corresponding DPs and PVs. 

Design Parameters (DPs) 

Process Variables (PVs) 

Figure 4.1: Single-Level DP and PV Graphs 

This mapping process can be described by a vector of DPs, a vector of PVs, and a matrix 

in the form of: 
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{DP} = [A]{PV} (4.1) 

where [A] is a matrix. A configuration design and its construction project considering 3 

DPs and 3 PVs is described by 

DPI ~All All All' rPVV 
< DPI • = A2Ì All ATh • PVl • (4.2) 

DP3 
K. J 

A3Ì A31 /433 PV3 

4.1.3 Uncoupled Designs, Decoupled Designs and Coupled Designs 

According to the relations between DPs and PVs described by the matrix, the designs are 

classified into uncoupled designs, decoupled designs, and coupled designs. 

Uncoupled Design 

When the matrix [A] is diagonal one as shown in Eq. (4.3), the design is called an 

uncoupled design. In an uncoupled design, each DP is dependent on only one PV. DPs 

are mutually independent. When one DP is changed, only one PV needs to be modified. 

DPI Ï ~X 0 0" PVll 
< DPXl • --= 0 X 0 • PVll > 

DPÌ3 0 0 X PV13 

Decoupled Design 

When the matrix [AJ is described by a triangular matrix, either a lower triangular (LT) 

matrix or an upper triangular (UT) matrix, the design is called a decoupled design. The 

Independence Axiom can be satisfied when the selection of the PVs follows a certain 

sequence. 

Considering the following equation: 
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DP2Ï ~X O 0" PV2Ï 

• DP22 • - X X 0 < PV22 > 

DP23 X X X PV23 

When DP22 is changed, this change causes the changes of PV21 and PV22 to satisfy the 

design requirements. Compared with the uncoupled design, change of one DP in a 

decoupled design can cause the changes of several PVs. 

Coupled Design 

When the [A] is a full matrix as shown in Eq. (4.5), the design is called a coupled design. 

When a DP is changed, all the PVs should be changed. Various iterations are required to 

determine the PVs to satisfy the DPs. Since the coupled design does not satisfy the 

Independence Axiom, this type of design should be avoided. A coupled design can be 

changed into a decoupled design or an uncoupled design by selecting different PVs. 

DP3\ ~X X x~ PV3Ï 

- DP32 • = X X X i PV32 -

DP33 X X X PV33 

4.2 Configuration Design Considering Multiple-Level DPs 

4.2.1 Sub-DPs and Sub-PVs 

During the process to design a complex system, multiple levels of DPs are required. The 

matrix at an upper level can be determined by the matrices at the lower levels. An 

example is illustrated in Figure 4.2. 

PV 1 PV 2 PV 3 

D P 1 1 D P 1 2 DP 3 , DP PV PV 1,2 PV 3,1 PV 3,2 

Figure 4.2: A DP Tree and a PV Tree 
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If the second level matrix is described by: 

DPir ~X 0 0 0 0" rPVll 
DPll X X 0 0 0 PVll 
DPI 0 0 X 

I 
0 0 * PVl 

DP3Ì 0 0 0 X 0 PV31 
DP32 0 0 0 0 X PV31 

From this matrix, we can achieve the matrix at the first level: 

DPI "X 0 O^ rPVl 
< DPI - --= 0 X 0 * PVl • 

DP3 0 0 X PV3 

Although the matrix is a diagonal one, the design is actually a decoupled design. In this 

work, if the DPs and PVs are composed of sub-DPs and sub-PVs, the relationships 

between the DPs and PVs are described by the following types: 

U: Uncoupled Relationship 

D: Decoupled Relationship 

C: Coupled Relationship 

Therefore the first level matrix can be described by: 

DPI 'D 0 0" PVl 
< DPI • = 0 X 0 • PVl > 

DP3 0 0 U PV3 

4.2.2 Super-Matrix 

The following conditions should be satisfied for modeling the relationships between DPs 

and PVs considering the multiple levels of matrices. 

First, the relationships of U, D, and C are only used to model the corresponding DP nodes 

and PV nodes in the DP tree and the PV tree. The relationships between the none-
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corresponding nodes, such as the relationship between the DPI and PV3 in Eq. (4.7) 

should not be modeled by the U, D, and C relationships. 

Moreover, the redundant DPs and PVs are not allowed to model the nodes in the DP tree 

and the PV tree. When the redundant DPs and PVs are used at a lower level, the matrix is 

then changed to a rectangular one [AJNXM. 

The type of a matrix is determined by the following rules: 

• For a bottom matrix, if the matrix is a diagonal one, the matrix is an uncoupled 

matrix. 

• For a bottom matrix, if the matrix is a triangular one, the matrix is a decoupled 

matrix. 

• For a bottom matrix, if the matrix is a full one, the matrix is a coupled matrix. 

• For a matrix composed of sub-matrices, the type of the super-matrix is determined 

using the rules defined in Table 4.1. 

Table 4.1: Type of a Super-Matrix that are Composed of Sub-matrices 

Conditions Conclusion 
Form of Super-
matrix Types of Sub-matrices Type of Super-

matrix 
Diagonal Matrix Uncoupled Matrices Uncoupled Matrix 

Diagonal Matrix Uncoupled and Decoupled Matrices 
with at Least One Decoupled Matrix Decoupled Matrix 

Diagonal Matrix 
Uncoupled, Decoupled, and Coupled 
Matrices with at Least One Coupled 
Matrix 

Coupled Matrix 

Triangular Matrix Uncoupled and Decoupled Matrices Decoupled Matrix 

Triangular Matrix 
Uncoupled, Decoupled, and Coupled 
Matrices with at Least One Coupled 
Matrix 

Coupled Matrix 

Full Matrix Uncoupled, Decoupled, and Coupled 
Matrices Coupled Matrix 
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In Axiomatic Design, an uncoupled design is mostly expected. Although the decoupled 

design can satisfy the Independence Axiom by selecting the PVs in a certain sequence, 

the design can still be improved by removing the decoupling relationships. The coupled 

design should be avoided. The coupling relationships must be removed by changing PVs. 

4.3 Quantitative Evaluation 

As a given set of DPs, we may implement different construction processes described by 

different sets of PVs, quantitative evaluations to these PVs are required to select the 

optimal design candidate that needs the least efforts to be changed into a decoupled 

design or an uncoupled design. As an uncoupled design is considered as an ideal design, 

no quantitative evaluation is required for an uncoupled design. 

Two quantitative evaluations are introduced in this section. They are the measures for 

evaluating decoupled design in terms of degree of decoupling and relative degree of 

decoupling, and measures for evaluating coupled design in terms of degree of coupling 

and relative degree of coupling. 

4.3.1 Measures for Evaluating Decoupled Designs 

Degree of Decoupling (D) 

For a decoupled design, the degree of decoupling, D, is defined as the number of the 

relationships to be decoupled. This number can also be achieved by counting the number 

of relationships in the triangular matrix excluding the relationships defined by the 

diagonal elements. Thus, the degree of decoupling for an uncoupled design is 0. 

The degrees of decoupling for the following two designs are obtained as: 

Design 1 

DPI Il ~X 0 0" PVM 
• DPU > = X X 0 • PVXl > 

DPÌ3 X X X PVÌ3 
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Design 2 

DP2Ì ~X O 0" PV2Ì 

• DP22 O X 0 < PV22 • 

DP23 X O X PV23 

Di = 3 

D 2 = 1 

Therefore, the second design is relatively better than the first one. When DP 12 is changed, 

both P V l 1 and PV12 in the first design should be changed. When DP22 is changed, only 

PV22 in the second design needs to be changed. When DP 13 is changed, all the three 

PVs in the first design should be changed. When DP23 is changed, only two PVs in the 

second design need to be changed. 

Relative Degree of Decoupling (R d) 

In addition to degree of decoupling, another measure called the relative degree of 

decoupling, Rd , representing the average degree of decoupling for each DP, is introduced 

in this research. The relative degree of decoupling is defined by 

Rr D (4.9) 
«(«-1)/2 

where n is the number of DPs. 

By using the previous two examples, the relative degree of decoupling for the first design 

is obtained by: 

R Di 

DI «(«-1)/2 3 

This result represents each DP has relationships with all PVs. 

Similarly, for the second design, the relative degree of decoupling is calculated by: 
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RD2 = =½ = - = 0.33 
m «(«-1)/2 3 

This result represents some DPs and PVs do not have relationships. 

4.3.2 Measures for Evaluating Coupled Designs 

Degree of Coupling (C) 

A full matrix should be first transformed into a triangular one by changing the sequences 

of DPs and PVs, where a full matrix represents a coupled design and a triangular matrix 

describes a decoupled design. When some relationships still remain at the other side of 

the triangle in the design matrix, these relationships contributing to the coupling of DPs 

and PVs result in the violation to the Independence Axiom. The number of these 

relationships that contribute to the coupling of DPs and PVs is called the degree of 

coupling described by C 

Considering the following three design matrices: 

Design 1 

DPI f ~X 0 X~ PVll 
< DPÌ2 X X X < PV12 • 

DPI 3 X X X PV13 

Design 2 

DP2Ì ~x X X' PV2Í 
• DP22 • = X X 0 < PV22 > 

DP23 X X X PV23 

Design 3 

DP3Ï 'X X 0" PV31 
• DP32 > = X X X PV32 > 

DP33 X X X PV33 

The degrees of coupling for these three designs are obtained as: 
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Ci =2 

C 2 = 2 

C 3 = 2 

Relative Degree of Coupling (Rc) 

The relative degree of coupling, representing the average degree of coupling for each DP, 

is defined by 

Rc = (4.10) 

where again n is the number of DPs. 

By using the same three designs mentioned above, the relative degrees of coupling are 

obtained by: 

Rc\ - C1 

R C 2 

«(«-1)/2 3 

C 2 _ 2 
«(«-1)/2 ~ 3 

R - C> - 2 Kr-x — —— — — 
«(«-1)/2 3 

The results represent that some DPs and PVs have no relationships. 

As the coupling relationships have to be removed, the numbers of DPs and PVs involved 

in the coupling should also be considered to evaluate the different designs. In case that 

the C (or Re) measure for different designs is the same, we should select the design with 

the least effort for modification. It can be done by comparing the total numbers of DPs 

and PVs that are involved in these designs. The evaluations to the three coupled designs 

are summarized in Table 4.2 based on the following two rules. First, the design with the 

minimum number of PVs involved in coupling should be selected for modification. 

Second, for the designs with the same number of PVs involved in the coupling, the 
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design with the minimum number of DPs involved in coupling should be selected. Thus, 

Design 1 is selected for modification in this example. 

Table 4.2: Evaluations to the Three Coupled Designs 

Design DPs PVs Ranking 

Design 1 2 1 Best 

Design 2 1 2 Second 

Design 3 2 2 Third 

4.3.3 Measures for Evaluating Multiple-Level Designs 

If a matrix is composed of sub-matrices at multiple levels, first expansion of the matrices 

to the bottom level is required. The four quantitative evaluation measures, including 

degree of decoupling, relative degree of decoupling, degree of coupling, and relative 

degree of coupling, are achieved from the expanded matrix. 

Considering the following DP tree and PV tree: 

Figure 4.3: A DP Tree and a PV Tree 

If the first level matrix is described by 

DPX ~U 0 0" r PVX 
« DPI • = 0 X 0 • PVl • 

DP3 X 0 D PV3 

and the second level matrix is described by 



DPlV ~X O O O 0" PVU 
DPll O X O O O PVU 

• DPI O O X O O PVl 
DPZl O X O X 0 PVZX 
DPZl O O O X X PVZl 

the degree of decoupling for this design is obtained as 

D = I 

and the relative degree of decoupling for this design is obtained as 

«(«-1)/2 10 

Similarly, if the first level matrix is described by 

DPI ~U 0 0' PVi 
• DPI . = 0 X 0 < PVl • 

DPT, X 0 C PVI 

and the second level matrix is described by 

DPlV 'X 0 0 0 0' 'PViV 
DPM 0 X 0 0 0 PVll 

• DPI 0 0 X 0 0 < PVl > 
DP3\ 0 X 0 X X PVZl 
DPZl 0 0 0 X X PVZl 

the degree of coupling for this design is obtained as 

C= 1 

and the relative degree of coupling for this design is calculated as 
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C 1 = — = 0.1 
72(/1-1)/2 10 

4.3.4 Estimation of Project Change Cost and Potential Project Change Cost 

4.3.4.1 Estimation of Project Change Cost 

When the design DPs are changed, the project PVs should also be changed. The DPs are 

used to model the design configuration. If a design configuration is changed, the 

corresponding tasks with their particular resource requirements and schedules are also 

changed. The changes of the project tasks usually cause the penalty in terms of cost. The 

penalty cost, Cp, is simply calculated by 

where CV is the cost of the original project task and a (0 < a < 100%) is the penalty factor. 

4.3.4.2 Estimation of Potential Project Change Cost 

In addition to project change cost, potential project change cost should also be estimated. 

For each DP, a small number, p, can be used to describe the probability that this DP can 

be changed at the later stage of the design, such as 

The probabilities of the project task changes for the uncoupled and decoupled design are 

then achieved using the following methods. 

Uncoupled Design 

For an uncoupled design, if the probability of change for DPi is described by p(DP¡), the 

probability of change for PVi can be calculated by 

(4.11) 

(4.12) 

P(PVi) = P(DPi) (4.13) 
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and the total potential project cost is represented by 

C = OYlPpyjCpy, (4.14) 

Considering the following equation: 

~x (T p2\ \py, X 
p\2 [DP2\- 0 X p22* 

where pi 1 = 0.5 and pl2 = 0.5. 

The probabilities of changes for PV i and PV 2 are calculated by 

P2l = P(PVt) = P(DP1) = PU = O^ 

p22 = P(PV2) = p(DP2) = p\2 = 0.5 

The total potential project cost change is then estimated by 

C Qi(_/̂ |Cpy\ ^22^PV2^) Oi(0.5 C'py\ 0.5 C'/3(/2) 

Decoupled Design 

For a decoupled design, if the PVj is created from DP,, DP 2, DP3, etc, the probability of 

change for PV) can be calculated by 

P(PVi) = PiDPi +DP2+ DPi +...) = I- P(DP1)* p(DP2)* P(DP3)*... (4.15) 

Considering the following equation: 

pll< \DPl) 'X o n p2l \PV\\ 

p\2 DP2\ X X p22 PV2) 

where pi 1 = 0.2 and pl2 = 0.3. 



50 

The probabilities of changes for P V l and PV2 are calculated by 

/721 = P(PVl) = p(DPl) = /711 = 0.2 

/722 = p(PV2) = p(Z)Pl + DP2) = 1 - p(DPl) * p(DPT) = 1 - pTl * ~pñ 

= 1-(1-0.2)(1-0.3) = 0.44 

The total potential project cost change is then estimated by 

C = a(P2iCpyi + P22CPV2) = a(0.2* Cpvi +0.44*C P, 2) 

4.4 Case Studies 

A case study in pipeline design and construction is given in this section to illustrate the 

effectiveness of the introduced Axiomatic Design based configuration design approach 

considering project change management. 

4.4.1 Configuration Design Considering Single-Level DPs 

To simplify the pipeline design problem, we only consider the three major aspects in 

pipeline design: pipes, pipe connections, and pipe supports [Mohitpour et al 2000]. 

4.4.1.1 Modeling of Three Design Configurations 

Three design configurations are created and evaluated using Axiomatic Design approach. 

Each of these three design configuration is modeled by three DPs that are associated with 

three PVs used in construction project. The created three design configurations and the 

relationships between DPs and PVs are described as follows. 

Design Configuration 1 

In this design configuration, standard pipes are selected for construction. Welding 

process is used for connecting pipes. The pipes are buried underground for saving space. 

The standard pipes are purchased from the pipe manufacturing vendors. Welding is 

conducted by competent welding technicians using proper welding tools. Buried support 
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is accomplished by the tasks of ditching, backfill, and other similar techniques. The 

Design Parameters and Process Variables are described as: 

DP 11: Pipes 

DP 12: Welding Connection 

DPI3: Buried Support 

PVl 1: Purchasing Task 

PV12: Welding Task 

PVl 3: Buried Support Working Task 

Relationships between DPs and PVs are defined by 

DPll 'X 0 0" PVll 
< DPll . = 0 X 0 PV12 > 

DPllj 0 0 X PV13 

Design Configuration 2 

In this design configuration, standard pipes are selected for construction. Welding 

process is used for connecting pipes. The pipes are supported by ground supporting 

mechanisms such as anchors or saddles for the ease of maintenance. The standard pipes 

are purchased from the pipe manufacturing vendors. Welding is conducted by the 

welding technicians. Ground support is accomplished by tasks to purchase required 

supporting components and set the foundation for these supporting components. The 

Design Parameters and Process Variables are described as: 

DP21: Pipes 

DP22: Welding Connection 

DP23: Ground Support 

PV21: Purchasing Task 

PV22: Welding Task 

PV23: Ground Support Working Task 
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Relationships between DPs and PVs are defined by 

DP2Ì ~X 0 0" 
• DP22 > --= 0 X 0 PV22 > (4.17) 
DP23 X 0 X PV23 

Design Configuration 3 

In this design configuration, standard pipes are selected for construction. Joint assembly 

process is used for connecting pipes. The pipes are supported by ground supporting 

mechanisms such as anchors or saddles for the ease of maintenance. The standard pipes 

are purchased from the pipe manufacturing vendors. The standard joints are purchased 

from joint manufacturing vendors and assembled by the technicians responsible for the 

assembly. Ground support is accomplished by tasks to purchase required supporting 

components, assemble the components, and set the foundation for these supporting 

components. The Design Parameters and Process Variables are described as: 

DP31: Pipes 

DP32: Joint Connection 

DP33: Ground Support 

PV31: Purchasing Task 

PV32: Assembly Task 

PV33: Ground Support Working Task 

Relationships between DPs and PVs are defined by 

DP3Ì 'X 0 (T PV3Ì 
• DP32 > •• = X X 0 PV32 • 

DP33 X X X PV33 
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4.4.1.2 Evaluations of the Three Design Configurations Using Axiomatic Design 

Approach 

These three design configurations are evaluated using the method introduced in Section 

4.3. For example, the degree of decoupling for the Design Configuration 3 is obtained as 

D 3 =3 

and the relative degree of decoupling for this design configuration is calculated by 

m n(n -1)/2 3 

Evaluation results for the three created design configurations are summarized in Table 

4.3. From this table, the uncoupled design, Design Configuration 1, is identified as the 

best design configuration. 

Table 4.3: Evaluations of Degree of Decoupling (D) and Relative Degree of 

Decoupling (R d) 

Design Configuration D R d Ranking 

Design Configuration 1 0 0 Best 

Design Configuration 2 1 0.33 Second 

Design Configuration 3 3 1 Third 

4.4.1.3 Estimation of Project Change Cost 

When the design configurations are changed, these changes usually result in the changes 

in the construction project. The design with the least relative degree of decoupling 

measure usually has least influence to the construction project change due to the weak 

relationships between design parameters and process variables. 

Design Configuration 1 

For the Design Configuration 1, suppose the costs for the three process variables are 
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defined as 

Cpyu: $50,000 

CPVI2: $100,000 

CPVI3: $100,000 

When the design parameter DP 13 is changed, supposing pads are added underneath the 

pipes, the process variable PV13 has to be changed based on Eq. (4.16), for instance the 

work on the support has to be rescheduled. If the penalty factor a is selected as 25%, the 

project change cost for Design Configuration 1 is calculated by 

Cpx = a Cpvn =0.25*$100,000 = $25,000 

Design Configuration 2 

For the Design Configuration 2, suppose the costs for the three process variables are 

defined as 

Cpy21: $50,000 

CPV22: $100,000 

CPV23: $100,000 

When the design parameter DP23 is changed, supposing the ground support components 

were changed from anchors to saddles, both the process variable PV21 and PV23 have to 

be changed based on Eq. (4.17), for example the purchasing orders have to be modified 

and the work on the support has to be rescheduled. If the penalty factor a is selected as 

25%, the project change cost for Design Configuration 2 is calculated by 

Cp2 = a (Cpy2l + CPV2J) = 0.25* ($50,000+ $100,000) = $37,500 

Design Configuration 3 

For the Design Configuration 3, suppose the costs for the three process variables are 

defined as 
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Cpy3¡: $50,000 

CPV32: $100,000 

Cpy33: $100,000 

When the design parameter DP33 is changed, supposing the ground support components 

were changed from anchors to saddles, all the three process variables PV31, PV32, and 

PV23 have to be changed based on Eq. (4.18), for instance the purchasing orders have to 

be modified and the work on the assembly and support has to be rescheduled. If the 

penalty factor a is selected as 25%, the project change cost for Design Configuration 3 is 

calculated by 

Cpj = a(CPV}] + Cpvn + Cpvi2 ) = 0.25 * ($50,000 + $ 100,000 + $ 100,000) = $62,500 

From the evaluations, the Design Configuration 1 is considered as the best configuration 

due to its lowest project change cost. 

4.4.1.4 Estimation of Potential Project Change Cost 

When the design configurations are potentially to be changed, these potential changes 

also result in the potential changes in the construction project. The design with the least 

relative degree of decoupling measure usually has least influence to the construction 

project due to the weak relationships between design parameters and process variables. 

Design Configuration 1 

For the Design Configuration 1, suppose the probabilities of the design parameter 

changes and process variable changes are described by 

P 
1 DPW 

' D P i r ~X 0 Ol P 
1 PVW 

RPVU 

P 
1 DPI 2 

DP\2>- = 0 X 0 P PV12 • 

P 
rDPM 

[DP13 0 0 X P 
1 PV\i 

PVÌ3 

The probabilities of the design parameter changes are selected as: 
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POPI,: 0.3 

P DP i r. 0.3 

POPI3: 0.3 

From Eq. (4.19), the probabilities of the process variables changes are calculated by 

P =P = 03 
1 PVW 1 DPW U - J 

P =P = 0 3 
* PVM 1 DP\2 U - J 

P = P = 0 3 
1 pvn 1DPM 

Suppose the costs for the three process variables are defined as 

Cpvn: $50,000 

CPVI2: $100,000 

Cpvi3: $100,000 

The penalty factor a is selected as 25%, the total potential project cost change is then 

estimated by 

C| — CC(Ppyl]Cpvn + P p y , 2Cpy i 2 + PpyiiCpy^) 

= 0.25 * (0.3 * $50,000 + 0.3 * $ 100,000 + 0.3 * $ 100,000) = 0.25 * $75,000 = $ 18,750 

Design Configuration 2 

For the Design Configuration 2, suppose the probabilities of the design parameter 

changes and process variable changes are described by 

P 
1 DP2\ 

rDPlX 'X 0 0~ P 
1 PV2\ 

rPVlX 
P 
1 D p 2 2 

DPll • = 0 X 0 P 
1 PV22 

PVll > 
P 
1 DP2Ì 

DPTb X 0 X P 
1 PV23, 

PVTi 
(4.20) 

The probabilities of the design parameter changes are selected as: 
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PDP21: 0.3 

PDP22: 0.3 

PDP23-' 0.3 

From Eq. (4.20), the probabilities of the process variables changes are calculated by 

P =P =0 3 
1 PV2\ 1 DP2\ u - J 

PpVll ~ PDP22 ~ 

Prvn =I-Pom* PDP2I = 1 - (1 - 0.3)(1 - 0.3) = 0.51 

Suppose the costs for the three process variables are defined as 

CPV2I: $50,000 

CPV22: $100,000 

CPV23: $100,000 

The penalty factor a is selected as 25%, the total potential project cost change is then 

estimated by 

C 2 = Ct(PPVL\C'pv2\ + Ppv22^pv22 ^ Ppvii^PV2i) 

= 0.25 * (0.3 * $50,000 + 0.3 * $ 100,000 + 0.51 * $ 100,000) = 0.25 * 96,000 = $24,000 

Design Configuration 3 

For the Design Configuration 3, suppose the probabilities of the design parameter 

changes and process variable changes are described by 

P 'DP3V 'X 0 0" P 
1 PV1\ 

rPV3\ 
P 

1 DP32 
DP32 X X 0 P 

1 PVJl 1 
PV32 • 

P 
1 DPll 

lDP33 X X X P 
1 PVll 

PV33 
(4.21) 

The probabilities of the design parameter changes are selected as: 

PDPSI: 0.3 
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PDPU- 0.3 

PDP33-- 0.3 

From Eq. (4.21), the probabilities of the process variables changes are calculated by 

P - P = 03 
1 PVI\ 1 DPi\ U , J 

1 - PDPIX * PDP32 = 1 " G " 0-3)(1 - 0.3) = 0.51 

P =I-P „ , 3 i * P 0 P 3 2 * ^ p 3 3 = 1 - (1 - 0-3)(1 - 0.3)(1 - 0.3) = 0.657 

Suppose the costs for the three process variables are defined as 

CPV31: $50,000 

CPV32: $100,000 

CPV33: $100,000 

The penalty factor a is selected as 25%, the total potential project cost change is then 

estimated by 

C 3 = a(Ppv3\CpVi\ + Ppy 32C pvn + Ppvìi^PVìì) 

= 0.25 * (0.3 * $50,000 + 0.51 * $ 100,000 + 0.657 * $ 100,000) 

= 0.25 *$131,700 = $32,925 

From the estimation, the Design Configuration 1 is considered as the best configuration 

due to its lowest potential project change cost. 

4.4.2 Configuration Design Considering Multiple-Level DPs 

Let consider the best design configuration created in Section 4.4.1. The relationships 

between the design parameters and process variables are modeled by 

'X 0 0" PVll 
• DP12 0 X 0 PVXl > 

DPI 3 0 0 X PVX3 
(4.22) 
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These design parameters and process variables represent: 

DPI 1: Pipes 

DPI2: Welding Connection 

DPI 3: Buried Support 

PVlI: Purchasing Task 

PVl2: Welding Task 

PV13: Buried Support Working Task 

The design parameter DP 12 is decomposed into two sub-parameters considering the weld 

type and weld size, as shown in Figure 4.4. Suppose two sub-configurations, described by 

either DP12-11 and DP12-12 or DP12-21 and DP12-22, are created, these two sub-

configurations then have an OR relationship. In the same way, the design parameter 

DP 13 is decomposed into two sub-parameters considering the support type and support 

size. These sub-DPs and associated sub-PVs are described by the following four sub-

parameter set. 

~ d p 7 

D P 3 2 D P 3 3 

D P 1 2 - I 1 I D P i 2 - I 2 DPi2-21 D P 12-22 IDP i 3 l l I J lDPl 3 - Id |DPl 3 -2 l | |DP 13-22 

Figure 4.4: A Two-Level DP Graph 

Sub-Parameter Set 1 

[DP12-11] 
LDP12-12 

X 0 
0 X 

J > K 1 2 - l l ] 
\pV\2-\l\ 

(4.23) 

file:///pV/2-/l/


60 

where 

DP12-11: Weld Type Appropriate for General Welding Tool 

DP 12-12: Weld Size 

PV12-11: General Welding Tool 

PVl2-12: Technician Welding Task 

Sub-Parameter Set 2 

J DPI 2 
- 2 1 I -

~X 0" ÍPV12 -211 
[DPI 2 -22 j X X [PV12 -22J 

(4.24) 

where 

DP12-21: Weld Type Appropriate only for Special Welding Tool 

DPI 2-22: Weld Size 

PV12-21: Special Welding Tool 

PV12-22: Technician Welding Task 

Sub-Parameter Set 3 

J DPI 3 - n i 'X 0" \PV\3 - n i 

[DPI 3 - 1 2 j - 0 X [PV13 -I 2J 
(4.25) 

where 

DPI 3-11: Support Using Hard Soil Directly 

DPI 3-12: Support Size 

PV 13-11: WheeledRoller 

PVl3-12: Technician Support Working Task 

Sub-Parameter Set 4 

ÍDP13 
- 2 1 I -

'X o"1 Í P F 1 3 - 211 

[DPI 3 -22 j X X [PVÌ3- 22j 
(4.26) 

file:///PV/3


61 

where 

DP 13-21: Support Using Special Pads 

DP 13-22: Support Size 

PVl3-21: Special Padding Tool 

PV 13-22: Technician Support Working Task 

Through graph-based search using the graph provided in Figure 4.4, four design 

configurations, representing four design candidates, are created. The relationships 

between design parameters and process variables for these four design configurations are 

defined as follows. 

Design Configuration 1 

D P l l ~X 0 0 0 o" PVW 
DP12-11 0 X 0 0 0 PVX2-U 
DP12-12 . = 0 0 X 0 0 • PVÌ2-Ì2 > 
DP13-11 0 0 0 X 0 PF13-11 
DP13-12 0 0 0 0 X PF13-12 

Degree of decoupling and relative degree of decoupling are calculated by 

D 1 =0 

RD = ^ = 0 

Design Configuration 2 

D P l l ~X 0 0 0 0" r PVW 
DP12-21 0 X 0 0 0 PVÌ2-2Ì 

• DP12-22 • = 0 X X 0 0 • PVÌ2-22 > 
DP13-11 0 0 0 X 0 PF13-11 
DP13-12 0 0 0 0 X P H 3 - 1 2 

(4.28) 

Degree of decoupling and relative degree of decoupling are calculated by 
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D 2 =1 

Rn = 
«(«-1)/2 10 

— = 0.1 

Design Configuration 3 

DPI 1 ' ~X 0 0 0 0" PVll 

DPll-U 0 X 0 0 0 PVll-U 
< DPU-U • = 0 0 X 0 0 PVll-U 

DP13-21 0 0 0 X 0 PVlZ-Il 
DPI 3 -22 0 0 0 X X PVl 3 - 2 2 

(4.29) 

Degree of decoupling and relative degree of decoupling are calculated by 

D 3 = I 

RD = ̂ - = 0.1 

Design Configuration 4 

DPI 1 ~X 0 0 0 0" PVU 
DP12-21 0 X 0 0 0 PVU-21 

• DPU-22 ' = 0 X X 0 0 PVU - 2 2 • 

DP13-21 0 0 0 X 0 PVYb-IX 
DPI 3 -22 0 0 0 X X PVlb-22 

(4.30) 

Degree of decoupling and relative degree of decoupling are calculated by 

D 4 =2 

RD = ^ - = 0.2 



63 

From the above evaluations, the Design Configuration 1, described by Eq. (4.27), is the 

best design whose design changes have the least impact to the construction project 

changes. 



64 

CHAPTER 5 

ATTRIBUTE DESIGN FOR PROJECT CHANGE MANAGEMENT 

This chapter focuses on the attribute design aspect by introducing a method to identify 

the optimal attribute values of the selected design configuration. In this research, the 

potential changes of design attribute values are associated with probability distribution 

functions. The traditional numerical optimization is discussed first when potential design 

attribute changes are not considered. Next, a modified Taguchi Method considering 

evenly and unevenly distributed probabilities of attribute changes is introduced. At last, 

estimation of the potential project change cost due to the potential design attribute value 

changes is presented. Attribute values of the design whose construction tasks are least 

sensitive to the changes of these attribute values are identified based upon Taguchi 

Method. A case study in pipeline engineering design and construction is conducted to 

show the effectiveness of the introduced approach. 

5.1 Attribute Design Based on Numerical Optimization 

Suppose a design configuration is described by a collection of attributes using 

The optimal attribute values for this design configuration can be obtained using 

constrained optimization approach [Arora 1989]: 

D i = {XntXi ¡2 ' (5.1) 

Min f¡(,xn,x¡2,-••,Xin) 

subject to: 
hUOn,xn, — ,Xilli) = 0, j = 1,2,•••,Ici  

gij(xn,x¡2,---,xIN¡)<0, j = ki+l,kI+2,---,m (5.2) 

When changes of the design attributes are not considered, the project cost can be selected 

as the optimization objective function 
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(5.3) 

When change of the design attributes have to be considered, both the cost for the project 

and the cost for the possible project change should be selected as the optimization 

objective function 

This constrained optimization problem can be converted into unconstrained optimization 

problem by adding a penalty term to the original optimization objective function. The 

objective function with the penalty term is described by 

where pi(x¡i, x¡2, ..•,Xm) is the penalty term and W is a multiplier constant that determines 

the magnitude of the penalty. 

The penalty term takes the following form in this work: 

5.2 Attribute Design Considering Potential Design Attribute Changes 

During the design process, due to the incomplete design information and noise factors, 

some design conditions and parameters are determined based upon assumptions. When 

the assumptions are changed, the construction project should also be changed. 

We classify the uncertainty factors into the following two categories: 

• Uncertainty of Design Attribute Values 

Due to the incomplete design information at early design stage, values of some design 

attributes in the later stages of the design process can be selected from a range of values. 

fi (xn i x a •>"'•> Xin, ) ~~ C(xi\ > Xi2 ' ' ' " ' Xin, ) ~*~ A C ( X ( ] , Xn , • • •, Xilti ) (5.4) 

<£, (x n ,X12, — , x

¡ n i ) = f¡ (x,,, xi2, • • •, xin¡ ) + WPi(xn,xi2,---, Xirii ) (5.5) 

(5.6) 
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Therefore at the early design stage, these design attribute values cannot be determined. 

• Uncertainty of Design Environment Parameter Values 

Some design environment parameters such as temperature can never be assigned with 

fixed values. The values of these design attributes change randomly. 

These uncertain factors also influence the construction project, resulting in the change of 

the created project. Therefore identification of the attribute values that are less sensitive 

to the project change considering these uncertainty factors has to be conducted. In this 

research, the Taguchi Method [Taguchi and Yokoyama 1993] is employed for identifying 

the design attribute values considering these uncertain factors. 

In Taguchi Method, both the objective function and variation of the objective function are 

considered. In Taguchi Method, the deviation of a functional performance from its target 

value is measured by a loss function: 

L(y) = k(y-m)2 (5.7) 

where 

k: a constant representing the quality loss coefficient 

y: quality characteristic of a design 

m: target value for y 

Since the loss function reaches its lowest point when the quality performance measure 

equals the target value, this type of quality is called the nominal-the-best. When the target 

value is zero or infinity, the loss functions correspond to the quality types of the smaller-

the-better and the larger-the-better, respectively. The different loss functions are shown 

in Figure 5.1. 
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L(y) L(y) Uy) 

m y y y 
(a) Nominal-the-Best (b) Smaller-the-better (c) Larger-the-better 

L(y)=k(y-m) 2 L(y)=k(y) 2 L(y)=k(l/y) 2 

Figure 5.1: Loss Functions 

For a design, different objective function measures are achieved when the noise attributes 

are selected with different values. To consider both the objective function and variation 

of the objective function, the signal-to-noise ratio Z defined by 

(5.8) 

is used to maximizing the signal (objective function) while minimizing the noise 

(variation of the objective function). 

In the Taguchi Method, parameters are classified into controllable parameters and noise 

parameters. The objective of Taguchi Method is to select values of controllable 

parameters such that the product or process is least sensitive to the change in noise 

parameters. This type of design is also called robust design. In this work, the controllable 

parameters are described by design attributes, while the noise parameters are described 

by noise attributes. 

Taguchi Method-based robust design is conducted through design experiments. The 

design experiment can be either a physical design experiment or a computer based 

simulation design experiment [Phadke 1989]. In a design experiment, each time the 

selected controllable attributes are assigned with a set of levels and considered as a case. 

For each case, noise attributes are assigned with different values and tested to obtain the 

actual quality measures. 

The Taguchi Method-based robust design is conducted through the following steps: 
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• First, select the controllable attributes, the noise attributes, and their levels. For 

example, four controllable attributes with three levels, and three noise attributes with 

two levels can be selected as shown in Tables 5.1 and 5.2 [Simpson et al 2000]. 

• Second, calculate the degree of freedom. The degree of freedom, D, is calculated 

using 

D = I+ «(7-1) (5.9) 

where 

n: number of the attributes 

1: number of attribute levels 

For the examples given in Tables 5.1 and 5.2, the degree of freedom for the 

controllable attributes Dc and the degree of freedom for the noise attributes DN are 

calculated by 

Dc = l + « c ( / c - 1 ) = 1 + 4(3-1) = 9 (5.10) 

DN = l + « „ ( / „ - l ) = l + 3(2-l) = 4 (5.11) 

Table 5.1: Four Controllable Attributes with Three Levels 

Controllable Attributes 
Levels 

Controllable Attributes 
1 2 3 

A. Interference Low Medium High 
B. Wall Thickness Thin Medium Thick 
C. Insertion Depth Shallow Medium Deep 

D. Percent Adhesive Low Medium High 

Table 5.2: Three Noise Attributes with Two Levels 

Noise Attributes 
Levels 

Noise Attributes 
1 2 

E. Conditioning Time 24 h 120 h 
F. Conditioning Temperature 72°F 150°F 

G. Conditioning Relative Humidity 25% 75% 
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• Third, select the orthogonal arrays for the controllable attributes and the noise 

attributes. The arrays must satisfy the following conditions: (1) The column number 

of the array should be large than or equal to the number of the levels. (2) The number 

of the cases must be larger than or equal to the degree of freedom. For the example 

given in Tables 5.1 and 5.2, the two selected orthogonal arrays are displayed in 

Tables 5.3 and 5.4 [Simpson et al 2000]. 

Table 5.3: L9 Orthogonal Array for the Controllable Attributes 

Controllable Attributes 
Case A B C D 

1 1 1 1 1 
2 1 2 2 2 
3 1 3 3 3 
4 2 1 2 3 
5 2 2 3 1 
6 2 3 1 2 
7 3 1 3 2 
8 3 2 1 3 
9 3 3 2 1 

Table 5.4: Lg Orthogonal Array for the Noise Attributes 

Noise Attributes 
Case E F G 

1 1 1 1 
2 1 1 2 
3 1 2 1 
4 1 2 2 
5 2 1 1 
6 2 1 2 
7 2 2 1 
8 2 2 2 

• Fourth, calculate the signal-to-noise ratios for all the cases in the array of the 

controllable attributes. For each case listed in the array for the controllable attributes, 

create the responses (evaluation measures) for all the cases defined in the array for the 

noise attributes. The signal-to-noise ratio for each case in the controllable array is 

then achieved. The signal-to-noise ratios for different types of loss functions are 

calculated using the following equations. 
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(1) Nominal-the-Best: 

Z, IOlog io (1 < i < m) (5.12) 

where 

n 

n 
(5.13) 

1 n 
(5.14) 

w-1 

In these equations, 

i: a case in the controllable attribute array 

j: a case in the noise attribute array 

m: the total number of cases in the controllable attribute array 

n: the total number of cases in the noise attribute array 

y if. the response for the i-th case in the controllable attribute array and the j-th 

case in the noise attribute array 

(2) Smaller-the-Better: 

If the responses achieved for the above example are shown in Table 5.5 [Simpson et 

al 2000], the signal-to-noise value for the first case of the controllable attribute array 

is then calculated using Eq. (5.16). 

(5.15) 

(3) Larger-the-Better: 

Z 1 =-IOlog 1 0 -YJ\ (5.16) 
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Noise Attributes (Ls) 

E 1 1 1 1 2 2 2 2 
F 1 1 2 2 1 1 2 2 
G 1 2 1 2 1 2 1 2 

Controllable Responses 
Attributes (L9) 

Run A B C D y S/N 

1 1 1 1 1 15.6 9.5 16.9 19.9 19.6 19.6 20.0 19.1 17.53 24.03 

2 1 2 2 2 15.0 16.2 19.4 19.2 19.7 19.8 24.2 21.9 19.48 25.52 

3 1 3 3 3 16.3 16.7 19.1 15.6 22.6 18.2 23.3 20.4 19.03 25.34 

4 2 1 2 3 18.3 17.4 18.9 18.6 21.0 18.9 23.2 24.7 20.13 25.90 

5 2 2 3 1 19.7 18.6 19.4 25.1 25.6 21.4 27.5 25.3 22.83 26.91 

6 2 3 1 2 16.2 16.3 20.0 19.8 14.7 19.6 22.5 24.7 19.23 25.33 

7 3 1 3 2 16.4 19.1 18.4 23.6 16.8 18.6 24.3 21.6 19.85 25.71 

8 3 2 1 3 14.2 15.6 15.1 16.8 17.8 19.6 23.2 24.2 18.84 24.85 

9 3 3 2 1 16.1 19.9 19.3 17.3 23.1 22.7 22.6 28.6 21.20 26.15 

• Finally, identify the optimal controllable attribute values. The average signal-to-noise 

ratio for each controllable attribute at a certain level is achieved. Graphs are then 

generated using the average signal-to-noise ratios. From the graphs, the optimal 

controllable attribute values are then identified. In the above example, the average 

signal-to-noise ratios for all controllable attributes at all considered levels are shown 

in Table 5.6. The optimal controllable attribute values are then identified, as shown in 

Table 5.7 [Simpson et al 2000]. 

Table 5.6: Average Signal-to-Noise Ratios 

Level 
Average S/N 

Level 
A B C D 

1 24.96 25.21 24.73 25.70 

2 26.05 25.76 25.86 25.52 

3 25.57 25.60 25.98 25.36 
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Table 5.7: Identification of the Optimal Controllable Attribute Values 

Controllable Attribute Optimum Level 

A 2 

B 2 

C 3 

D 1 

5.3 Attribute Design Considering Probabilities of Attribute Value Changes 

The robust design using Taguchi Method is based upon the assumption that all the noise 

levels are evenly distributed, as shown in Figure 5.2 (a). It is also called rectangular 

distributed as all values have the same relative probability of occurrence. In other words, 

the probabilities for these noise factors are the same. When the probabilities for these 

noise factors are not the same such as J-shaped, Bi-modal, or normal distributed 

[Montgomery and Runger 1964], as shown in Figure 5.2 (b), the Taguchi Method has to 

be modified for the robust design. 

First for the i-th noise attribute (i <n), when m levels are considered and the probability 

for the j-th level to be selected is p¡j (j <m), the probabilities satisfy the condition 

£ / > , = ! , (0</<n) (5.17) 

Probability 

0.33 0.33 0.33 

Probability 

0.3 

0.5 

0.2 

1 2 3 Level 

(b) Uneven Distribution 

2 3 Level 

(a) Even Distribution 

Figure 5.2: Distributions of Probabilities 
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For the k-th noise case (k <l), since each noise attribute can be selected with a probability 

of pik, the probability for this noise case is calculated by 

/ > * = r W ( 0 * * * 0 (5.18) 
1=1 

Since the number of the noise cases is much less than the number of all possible 

combinations of the noise attributes levels, the sum of all the probabilities of the noise 

cases should be less than 1. It is shown as follows: 

2> 4<1 (5.19) 
*=i 

The relative probability for each noise case is then calculated by 

Pk=-T^, (0<k<l) (5.20) 

*=i 

The relative probabilities for all the noise cases satisfy 

IlPk=I (5.21) 
k=\ 

The equations to calculate the signal-to-noise ratios are achieved based upon statistics 

theory, which is obtained from the probability theory. In this work, we used the 

probability theory directly. Since for each design case (i.e., the case for controllable 

attributes), the sum of the probabilities of the noise cases is 1, as shown in Eq. (5.21), the 

probability theory can be used for calculating the signal-to-noise ratio for this design case. 

We also classify the design types into the following three categories: 

(1) Nominal-the-Best: 
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Z = ̂  = IOlog10 

( 2 A 
(5.22) 

where 

M = YiykPk) (5-23) 

CT2-YKyk-M)2Pk} (5.24) 

(2) Smaller-the-Better: 

Z = ̂  = - I O l o g 1 0 X U 2 A ) (5.25) 
N tí 

(3) Larger-the-Better: 

Z = ̂  = -101og10¿4 (5.26) 

5.4 Estimation of Potential Project Change Cost 

When the design attributes are changed, attributes of the tasks in the construction project 

should also be changed. For the identification of the optimal attribute values, both the 

cost of the project and potential cost change of the project have to be considered. 

Suppose a design configuration can be described by a collection of design attributes: 

D = /x 1 5 x 2 , •••,Xn} (5.27) 

During the attribute design process, values of the design attributes are obtained. 

D i =/x, =yu, X2 =y2i,---,xn =yj (5.28) 

When an attribute xj has the chance to be changed from yp to other values: 
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Xj = yy,, Xj = y j2 ,•••,Xj= yjm¡ (5.29) 

and the probabilities for these changes are described as 

PjV Pjl '•••'Pjmi 

The probability for the Xj to be changed from the xj = y ¿ satisfies the condition of: 

P1 =YJP, < L (5-3°) 

/=1 

Suppose the design D¡ can be changed to Dk by changing some attribute values, and the 

probabilities for these attribute value changes are described by p¡, p2, pi (I <n), the 

probability for the design to be changed from D¡ to Dk is calculated by 

Pik=YlPh (5-31) 

If AC,-* is the project change cost due to the changes of attribute values, the estimated 

project change cost considering the probabilities is described by 

ACik=PlkACik (5.32) 

The total estimated project change cost for a design D i with assigned attribute values is 

calculated by 

AC = £ A C t t (5.33) 
k 

When the project cost and potential project change cost are described as functions of the 

deign attributes, the optimization objective function can be described in the following 

form 

/ ( j c , , x 2 , •••,Xn) = Cixl,X2,-••,Xn) + A C f x 1 , x 2 , - - , x j (5.34) 
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5.5 Case Studies 

A case study in pipeline design and construction is given in this section to illustrate the 

effectiveness of the introduced Taguchi-Method based attribute design approach 

considering project change management. 

5.5.1 Calculations of Gas Flow in Pipelines 

The gas flow in a pipeline can be calculated by [American Gas Association 1964] 

Qb = Q-OllSFtbFpbFgr FtfFpv Fd(Fdr + Fir )Ffi 

i 

L 
(5.35) 

where 

Qt,: volumetric rate offlow (MFC/Day, thousands of cubic feet per day) 

Ftb'. base temperature factor 

Fpb: base pressure factor 

Fgr: gas gravity factor 

F1/: flowing temperature factor 

Fpv: super-compressibility factor 

Fc¡: line diameter factor 

Fdr: diameter ratio factor 

Fir: interior roughness factor 

Ffe: flow efficiency factor 

Pi : upstream pressure (psi) 

P2: downstream pressure (psi) 

L: line length (miles) 

The base temperature factor is used to change the results given by the equation to a base 

temperature other than 60° F using 

F , = ÍSÍÜ (5.36) 
* 520 
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where /¾ is the base temperature in degrees Fahrenheit. 

The base temperature factor is used to change the results given by the equation to a base 

pressure other than 14.73 psi using 

where P¡, is the base pressure (psi). 

The gas gravity factor is used to change the results given by the equation to a gas gravity 

other than 0.60 using 

where G is the gas gravity (air = 1.0). 

The flowing temperature factor is used to change the results given by the equation to 

flowing temperature other than 60° F using 

where f/is the flowing temperature in degrees Fahrenheit. 

The super-compressibility factor includes in the equation a correction for the deviation of 

the nature gas from ideal gas behavior. This factor is calculated by 

(5.38) 

(5.39) 

(5.40) 

where z is the compressibility factor obtained from the gravity, flowing temperature, and 

average flowing pressure of the nature gas by use of the tables in the A.G.A. handbooks. 
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The line diameter factor includes in the equation the effect of pipe diameter using 

Fd=D25 (5.41) 

where D is the internal line diameter in inches. 

The diameter ratio factor accounts for the contribution of the diameter to the relative 

roughness or the roughness ratio of the pipeline. This factor is calculated by 

Fdr =41og3.7£> (5.42) 

where D is the internal line diameter in inches. 

The interior roughness factor accounts for the frictional effect of the roughness of the 

interior of the pipeline. This factor is calculated by 

F f r = 41og--- (5.43) 

where Ice is the effective roughness in inches. 

The flow efficiency factor introduces the equation any desired allowance for over-design 

or load factor. This factor is calculated by 

FF 
F1 = — (5.44) 

/ e 100 K 

where FE is the flow efficiency in percent. 

In our case studies, the two selected attributes to be designed are: 

D: line diameter (inches) 

L: line length (miles) 
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5.5.2 Identification of the Optimal Attribute Values Based upon Optimization 

Table 5.8 gives values selected for various attributes in Eq. (5.35). 

Table 5.8: Given Design Attribute Values 

Attribute Value Unit 

tt,: Base Temperature 50 0 F 

Pb: Base Pressure 14.65 psi 

G: Gas Gravity 0.57 

tf: Flowing Temperature 70 0 F 

K e : Effective Roughness 1.25xl0"6 inches 

FE: Flow Efficiency 100 percent 

Pi: Upstream Pressure 650 psi 

P 2 : Downstream Pressure 500 psi 

Suppose the two selected design attributes can be assigned with values given in Table 5.9, 

the calculated volumetric flow rates for the 9 designs are then obtained using Eq. (5.35). 

Table 5.9: Flow Rates for Designs with Different Design Attribute Values (MCF/Day) 

D: Line Diameter 

(inches) 

L: Line Length (miles) D: Line Diameter 

(inches) 60 45 30 

24 228,044.1 263,322.7 322,503.1 

26 280,559.4 323,962.1 396,771.0 

28 339,889.6 392,470.7 480,676.4 

When the minimum flow rate requirement is given as 220,000.0 MCF/Day, all the 

designs given in Table 5.9 satisfy this requirement. 

Since different designs with different design attribute values require different project 

costs, in this work the design that needs the minimum cost while satisfying all the design 
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requirements is selected as the optimal design. Suppose the total length of pipeline is 

designed as 600 miles and a compressor is used to increase the upstream pressure of the 

gas as shown in Figure 5.3, the cost is then calculated by 

C = « D L W a ( + ^ ^ (5.45) 

where Ltola/ is the total length of pipeline, and a and p are two coefficients. The two terms 

in Eq. (5.45) represent the costs of the pipes and compressors, respectively. The cost of 

the pipes is proportional to the diameter of the pipe and total length of the pipeline. The 

cost of the compressors is proportional to the number of the required compressors and the 

upstream pressure applied by the compressors. Values of the two coefficients are selected 

as 

a = 4000 

P= 5.0 XlO5 

Pipe Compressor 

~i / —Ft"" n i = • Qb 

L 
T 
-Ltotal 

Figure 5.3: A Pipeline System 

The costs for the designs with different attribute values are given in Table 5.10. 

Table 5.10: Costs for Designs with Different Design Attribute Values ($1M) 

D: Line Diameter (inches) 
L: Line Length (miles) 

D: Line Diameter (inches) 
60 45 30 

24 63.0 64.8 68.4 

26 67.8 69.6 73.2 

28 72.6 74.4 78.0 
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From this table, the design with the minimum cost is identified as 

D = 24 inches 

L = 60 miles 

C = $63.0 M 

When the other design attribute values given in Table 5.8 are changed, the optimal values 

for these two selected design attributes are also changed. For instance, when the upstream 

pressure P¡ is changed from 650 psi to 600 psi, the flow rate with the optimal design 

attribute values is then calculated as 182,104.5 MCF/Day that is lower than the required 

minimum flow rate. In the same way, when the minimum flow rate requirement is 

changed from 220,000.0 MCF/Day to 250,000 MCF/Day, this optimal design can no 

longer satisfy this design requirement. 

In this work, when the calculated flow rate is lower than the required minimum flow rate, 

the line length attribute value is then decreased to increase the flow rate to satisfy the 

given design requirement. For example, when the minimum flow rate is changed from 

220,000.0 MCF/Day to 250,000 MCF/Day, the line length is then changed from 60 miles 

to 49 miles to increase the flow rate from 228,044.1 MCF/Day to 252,346 MCF/Day to 

satisfy the design requirement. 

When the attribute values are changed, the project to accomplish the design has to be 

increased due to the project change. In this work, the cost considering project change is 

defined by adding a penalty factor R to Eq. (5.16). The modified cost function is given by 

When the line length for the optimal design obtained from Table 5.9 is changed from 60 

miles to 49 miles and the penalty factor R is selected as 0.2, the cost for this design is 

then increased from $63.0 M to $77.1. This design is no longer the optimal one due to its 

high cost. 

C= a D Ltatal + /3 
V 

L, (5.46) 
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5.5.3 Robust Design Considering Design Attribute Changes with Evenly 

Distributed Probabilities 

Suppose the upstream pressure, Pj, and the minimum flow rate, Qt,, can be selected with 

different attribute values, Taguchi Method can then be used to design the attribute values 

of the line diameter, D, and line length, L. 

In this work, the line diameter, D, and line length, L are selected as the two controllable 

attributes with three levels, and upstream pressure, P¡, and the minimum flow rate, Qt,, 

are selected as the two noise attributes with 2 levels. These controllable attributes and 

noise attributes are shown in Table 5.11 and Table 5.12 respectively. 

Table 5.11: Two Controllable Attributes with Three Levels 

Controllable Attributes 
Levels 

Controllable Attributes 
1 2 3 

D (inches) 24 26 28 

L (miles) 60 45 30 

Table 5.12: Two Noise Attributes with Two Levels 

Noise Attributes 
Levels 

Noise Attributes 
1 2 

P1(PSi) 600 650 

Q b (MCF/Day) 220,000 250,000 

The cost function is defined by: 

( 
C a DLlulal + / } A * (1 + R) 

2 J 
(5.47) 

where 

a = 4000 
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P= 5.0 XlO5 

Liotaiz= 600 miles 

R = 0.2 

Other attribute values are the same as those given in Table 5.8. The degree of freedom for 

the controllable attributes, Dc, and the degree of freedom for the noise attributes, DM, are 

then calculated using Eq. (5.9): 

DC= 1+ nc(l - 1) = 1+ 2(3 - 1) = 5 

DN= 1+^ ( / -1 ) = 1+2(2-1) = 3 

The orthogonal arrays selected for creating the design cases and the noise cases are given 

in Table 5.13 and Table 5.14 respectively. Since only two controllable attributes and two 

noise attributes are considered in this example, only the levels given in the first two 

columns of these two tables, shown in italic font, are selected for creating the design 

cases and the noise cases. As the minimum cost is selected as the objective function, the 

smaller-the-better type quality loss function shown in Figure 5.1 (b) is used for this 

problem. The Eq. (5.15) is used for calculating the signal-to-noise ratios. 

The 9 cases and their cost and signal-to-noise ratio measures are then obtained as shown 

in Table 5.15. The average signal-to-noise ratios for all controllable attributes at all the 

considered levels are shown in Table 5.16. From this table, the optimal design with the 

maximum S/N ratio measures is identified as 

D = 26 inches 

L = 45 miles 
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Table 5.13: L9 (34) Orthogonal Array for Controllable Attributes 

Case Controllabl e Attributes Case 
1 2 3 4 

1 1 1 1 1 
2 1 2 2 2 
3 1 3 3 3 
4 2 1 2 3 
5 2 2 3 1 
6 2 3 1 2 
7 3 1 3 2 
8 3 2 1 3 
9 3 3 2 1 

Table 5.14: L 4 (23) Orthogonal Array for Noise Attributes 

Case Noise Attributes Case 
1 2 3 

1 1 1 1 
2 1 2 2 
3 2 1 2 
4 2 2 1 

Table 5.15: Costs and S/N Ratios for Different Cases ($M) 

Case Pi=600 
Qb=220,000 

P,=600 
Qb=250,000 

P!=650 
Qb=220,000 

Pi=650 
Qb=250,000 S/N 

1: D=24, L=60 77.9 80.7 63.0 77.1 -157.501 
2: D=24, L=45 77.9 80.7 64.8 64.8 -157.200 
3: D=24, L=30 67.6 67.6 68.4 68.4 -156.652 
4: D=26, L=60 67.4 82.3 67.8 67.8 -157.103 
5: D=26, L=45 69.1 69.1 69.6 69.6 -156.820 
6: D=26, L=30 72.4 72.4 73.2 73.2 -157.245 
7: D=28, L=60 72.2 72.2 72.6 72.6 -157.196 
8: D=28, L=45 73.9 73.9 74.4 74.4 -157.402 
9: D=28, L=30 77.2 77.2 78.0 78.0 -157.799 



85 

Table 5.16: Average Signal-to-noise Ratios 

Level 
D L 

Level 
Value (inches) S/N Value (miles) S/N 

1 24 -157.118 60 -157.267 

2 26 -157.056 45 -157.140 

3 28 -157.466 30 -157.232 

5.5.4 Robust Design Considering Design Attribute Changes with Unevenly 

Distributed Probabilities 

When the noise attributes are associated with unevenly distributed probabilities, the 

method introduced in Section 5.3 is then employed. Suppose the probabilities for the 

pressure, P1, and the minimum flow rate, Qb, are defined as 

Pu =P(P1=OOOpsi) = 0.2 

Pn =p(P ¡=650 psi) = 0.8 

Pu =p(Qb=220,000 MCF/Day) = 0.7 

P22 =p(Qb=250,000 MCF/Day) = 0.3 

The probability for the case with P1 as 600 psi and Qbas 220,000 MCF/Day is calculated 

by 

Px = Pu *Pn =0.2*0.7 = 0.14 (5.48) 

The calculated probability measures for the four noise cases are listed in Table 5.17. The 

relative probability measures are then calculated using Eq. (5.20) as shown in Table 5.17. 
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Table 5.17: Probabilities of Different Noise Cases 

Case Probability Relative Probability 

P,=600, Qb=220,000 0.14 0.14 

P,=600, Qb=250,000 0.06 0.06 

P!=650, Qb=220,000 0.56 0.56 

P!=650, Qb=250,000 0.24 0.24 

The 9 cases and their cost and signal-to-noise ratio measures are then calculated as shown 

in Table 5.18. The average signal-to-noise ratios for all controllable attributes at all the 

considered levels are shown in Table 5.19. 

Table 5.18: Costs and S/N Ratios for Different Cases ($M) 

Case 
P1=OOO 

Qb=220,000 
P1=OOO 

Qb=250,000 
P1=OSO 

Qb=220,000 
P!=650 

Qb=250,000 
S/N 

1: D=24, L=60 77.9 80.7 63.0 77.1 -156.893 

2: D=24, L=45 77.9 80.7 64.8 64.8 -156.630 

3: D=24, L=30 67.6 67.6 68.4 68.4 -156.684 

4: D=26, L=60 67.4 82.3 67.8 67.8 -156.742 

5: D=26, L=45 69.1 69.1 69.6 69.6 -156.841 

6: D=26, L=30 72.4 72.4 73.2 73.2 -157.274 

7: D=28, L=60 72.2 72.2 72.6 72.6 -157.211 

8: D=28, L=45 73.9 73.9 74.4 74.4 -157.421 

9: D=28, L=30 77.2 77.2 78.0 78.0 -157.827 
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Table 5.19: Average Signal-to-noise Ratios 

Level 
D L 

Level 
Value (inches) S/N Value (miles) S/N 

1 24 -156.736 60 -156.949 

2 26 -156.952 45 -156.964 

3 28 -157.486 30 -157.262 

From this table, the optimal design with the maximum S/N ratio measures is identified as 

D = 24 inches 

L = 60 miles 

5.5.5 Estimation of Project Change Cost Considering Design Attribute Changes 

with Evenly Distributed Probabilities 

Suppose following two design attributes are selected: 

D: line diameter (inches) 

L: line length (miles) 

Each attribute can be assigned with one of three possible values as given in Table 5.20. 

Table 5.20: Two Design Attributes with Three Possible Values 

Attributes 
Levels 

Attributes 
1 2 3 

D (inches) 24 26 28 

L (miles) 60 45 30 

The currently selected optimal design is described as 

D = 26 inches 
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L = 45 miles 

The probabilities of these design attribute values to be changed and the costs for the 

attribute changes are defined as shown in Table 5.21. 

Table 5.21: Probabilities of Design Attribute Changes and 

Costs of Attribute Changes 

Attribute Change Probability Attribute Change Cost 

D (inches) 

D = 26 to D = 24 0.333 $500,000 

D (inches) D = 26 to D = 26 0.333 $0 D (inches) 

D = 26 to D = 28 0.333 $1,000,000 

L (miles) 

L = 45 to L = 60 0.333 $500,000 

L (miles) L = 45 to L = 45 0.333 $0 L (miles) 

L = 45 to L = 30 0.333 $1,000,000 

When the probability of attribute change from L2 to L¡ is described by PL2I and the 

probability of attribute change from D2 to D¡ is described by P D 2 I , the probability that 

both the attributes are changed from L2 and D2 to L¡ and D¡ is calculated by 

P = PLn*PD* (5-49) 

When P and C are the probability of attribute changes and cost of attribute changes, the 

potential attribute change cost is then calculated by 

C = P* C (5.50) 

The probabilities of attribute value changes and the total cost change are then calculated 

as shown in Table 5.22. 



89 

Table 5.22: Estimation of Potential Attribute Change Cost 

Attribute 

Changes 

Probability 

(P) 

Change Cost (c) 

($M) 

Possible Change Cost (pc) 

(SM) 

D = 24, L = 60 0.111 1.0 0.111 

D = 24, L = 45 0.111 0.5 0.056 

D = 24, L = 30 0.111 1.5 0.167 

D = 26, L = 60 0.111 0.5 0.056 

D = 26, L = 45 0.111 0.0 0.0 

D = 26, L = 30 0.111 1.0 0.111 

D = 28, L = 60 0.111 1.5 0.167 

D = 28, L = 45 0.111 1.0 0.111 

D = 28, L = 30 0.111 2.0 0.222 

Total 1.0 

5.5.6 Estimation of Project Change Cost Considering Design Attribute Changes 

with Unevenly Distributed Probabilities 

When the attribute changes are associated with unevenly distributed probabilities as 

shown in Table 5.23, the method introduced in Section 5.4 should be used. 

Table 5.23: Probabilities of Design Attribute Changes and 

Costs of Attribute Changes 

Attribute Change Probability Attribute Change Cost 

D (inches) 

D = 26 to D = 24 0.3 $500,000 

D (inches) D = 26 to D = 26 0.6 $0 D (inches) 

D = 26 to D = 28 0.1 $1,000,000 

L (miles) 

L = 45 to L = 60 0.2 $500,000 

L (miles) L = 45 to L = 45 0.7 $0 L (miles) 

L = 45 to L = 30 0.1 $1,000,000 
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The probabilities of attribute value changes and the total cost change are calculated using 

Eq. (5.49) and Eq. (5.50) as shown in Table 5.24. From the calculated results, the 

estimated total design attribute change cost is only $0.45M compared with the previously 

estimation at $1M. The estimated design attribute change cost is reduced due to the low 

probabilities of the attribute changes that require high attribute change costs. This result 

also provides the design guideline to create the design attributes that have less potential to 

conduct attribute value changes that require high change costs. 

Table 5.24: Estimation of Potential Attribute Change Cost 

Attribute 
Changes 

Probability 
(P) 

Change Cost (c) 
($M) 

Possible Change Cost (pc) 
($M) 

D = 24, L = 60 0.06 1.0 0.06 

D = 24, L = 45 0.21 0.5 0.105 

D = 24, L = 30 0.03 1.5 0.045 

D = 26, L = 60 0.12 0.5 0.06 

D = 26, L = 45 0.42 0.0 0.0 

D = 26, L = 30 0.06 1.0 0.06 

D = 28, L = 60 0.02 1.5 0.03 

D = 28, L = 45 0.07 1.0 0.07 

D = 28, L = 30 0.01 2.0 0.52 

Total 0.45 
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CHAPTER 6 

CONCLUSIONS 

This research introduces a new systematic approach to identify the optimal design 

configuration and attributes to minimize the potential construction project changes. 

6.1 Configuration Design 

The research first focuses on the configuration design aspect. In this research, the 

relations between design configurations and construction tasks are modeled by Axiomatic 

Design matrices. The design configuration that is most independent to the construction 

tasks is identified based upon Axiomatic Design approach. In addition, estimation of 

potential project change cost due to the potential design configuration changes is also 

discussed. 

Characteristics of this Axiomatic Design based configuration design approach to 

minimize the potential construction project changes are summarized as follows: 

• By introducing the various new quantitative measures, including degree of 

decoupling, relative degree of decoupling, degree of coupling, and relative degree of 

coupling, to evaluate the design matrices representing the relations between design 

parameters and construction process variables, the design configuration that is most 

independent to the construction tasks can be identified based upon Axiomatic Design 

approach. Changes of this optimal design configuration have the minimum impact to 

the changes in the construction project. 

• By modeling the potential design and construction project changes using probabilities, 

the potential project change cost for a design configuration can be estimated. When 

multiple design configurations are created, the design configuration with the 

minimum potential project change cost is then identified as the best design 

configuration. 

• By modeling the design configuration alternatives using an AND-OR graph, 
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configuration design considering multiple levels of design parameters and process 

variables can also be carried out using the introduced approach. 

6.2 Attribute Design 

This research also introduces an attribute design approach. In this approach, the potential 

changes of design attribute values are modeled by probability distribution functions. 

Attribute values of the design whose construction tasks are least sensitive to the changes 

of these attribute values are identified based upon Taguchi Method. In addition, 

estimation of potential project change cost due to the potential design attribute value 

changes is also discussed. 

Characteristics of this Taguchi Method based attribute design approach to minimize the 

potential construction project changes are summarized as follows: 

• By using the Taguchi Method considering the design attributes with potential changes 

as the noise attributes, the design attributes, described as controllable attributes, can 

be achieved to reduce the impact of attribute changes to the construction project 

changes. 

• By associating the noise attributes with probabilities, a modified Taguchi Method for 

solving robust design problems when the probabilities of noise attributes are not 

evenly distributed is introduced in this research. This new method is effective to 

identify the design attributes, when the noise attributes have different probabilities of 

potential attribute value changes. 

• By introducing methods for estimating potential construction project change cost 

considering even and uneven distribution functions of attribute change probabilities, 

the created robust design can be further evaluated to reduce the impact of attribute 

changes to construction project changes. 

• By combining the Axiomatic Design based configuration design approach and the 

Taguchi Method based attribute design approach, an integrated design method is 
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introduced in this research to identify both the design configuration and the design 

attributes to minimize the impact of design changes to construction project changes. 

6.3 Limitations and Future Work 

This research is to identify the design configuration that is most independent to the tasks 

in the construction project based upon Axiomatic Design approach and to select the 

design attribute values whose construction projects are least sensitive to the design 

attribute change using Taguchi Method. It is conducted under the following assumptions: 

design change is required; there are design alternatives; and the DP-PV relations of the 

design alternatives can be represented by n x n matrices. The design changes mentioned 

in this research are defined as all changes that contribute negative impacts to the 

construction projects. Design changes with positive effects should be encouraged 

however it is out of the scope of this research. 

This research can be further improved in the following aspects: 

• An expert system can be developed to do the searching for creating the design 

candidates and corresponding projects from AND-OR graphs using state-space search 

algorithms such as depth-first search, breadth-first search, or best-first search. 

• Application of historical project data and information to perforin further case studies 

will improve the credibility of this approach. The case studies are not necessary 

limited to the pipeline design and construction industry. 

• The introduced configuration and attribute design methods can be implemented as a 

computer system with user interfaces. This computer system will help the design 

engineers to identify the optimal design in short time. 
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