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ABSTRACT 

In the construction industry, the adoption of concurrent engineering principles 

requires the development of effective enabling IT tools. Such tools need to address 

specific areas of need in the implementation of concurrent engineering in 

construction. Collaborative decision-making is an important area in this regard. A 

review of existing works has shown that none of the existing approaches to 

collaborative decision-making adequately addresses the needs of distributed 

construction project teams. The review also reveals that fuzzy logic offers great 

potential for application to collaborative decision-making. 

This thesis describes a Web-based collaborative decision-making system for 

construction project teams using fuzzy logic. Fuzzy logic is applied to tackle 

uncertainties and imprecision during the decision-making process. The prototype 

system is designed as Web-based to cope with the difficulty in the case where project 

team members are geographically distributed and physical meetings are 

inconvenient/or expensive. The prototype was developed into a Web-based software 

using Java and allows a virtual meeting to be held within a construction project team 

via a client-server system. The prototype system also supports objectivity in group 

decision-making and the approach encapsulated in the prototype system can be used 

for generic decision-making scenarios. 

The system implementation revealed that collaborative decision-making within a 

virtual construction project team can be significantly enhanced by the use of a fuzzy- 

based approach. A generic scenario and a construction scenario were used to evaluate 

the system and the evaluation confirmed that the system does proffer many benefits in 

facilitating collaborative decision-making in construction. 

It is concluded that the prototype decision-making system represents a unique and 

innovative approach to collaborative decision-making in construction project teams. It 

not only contributes to the implementation of concurrent engineering in construction, 

but also it represents a substantial advance over existing approaches. 
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CHAPTER I 

INTRODUCTION 

1.1 INTRODUCTION 

This chapter introduces the research reported in this thesis. It describes the 

background, aims, objectives and methodology of the research, and provides a guide 

to the contents of the thesis. 

1.2 BACKGROUND 

In the construction industry, the adoption of concurrent engineering principles 

requires the development of effective enabling IT tools. Such tools need to address 

specific areas of need in the implementation of concurrent engineering in 

construction. Collaborative decision-making is an important area in this regard. 

However, existing decision-making tools cannot fulfil all the functions needed by a 

collaborative construction project team, especially when the team members are 

geographically distributed. This was the motivation for this research. 

1.2.1 Collaborative Decision Making in Construction 

In the general industry environment, a survey published in 1999 reported that 69% of 

British companies have adopted the philosophy of concurrent engineering (Balbontin 

et al, 1999). Concurrent engineering is a philosophy that enables a company to reduce 

the time in which they can design, develop and introduce a product to the market 

(Aniscough and Yazdani, 2000). Since construction can be considered as a 

manufacturing process, concepts that have been proven to be successful in the 

manufacturing industry should also be beneficial to construction. In the context of the 
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construction industry, concurrent engineering is a methodology that can optimise the 

design of the project and its construction process to achieve reduced lead times, and 

improved quality and cost by the integration of design, fabrication, construction and 

erection activities and by maximizing concurrency and collaboration working 

practices (Evbuomwan and Anumba, 1998). A number of studies (Clausing, 1991, 

Jebb et al, 1992, Evbuomwan and Anumba, 1996, Kamara et al, 1999) have been 

undertaken in the past concerning the implementation and realisation of concurrent 

engineering. These studies show that of the key issues addressed in the 

implementation of concurrent engineering within the construction industry, two points 

are stressed: 

  Use multifunctional teams for executing concurrent engineering; 

  Use of modern information technologies. 

Construction projects usually involve many professionals and disciplines, such as 

architects, structural engineers, contractors, quantity surveyors, mechanical/electrical 

service engineers, and erectors, to play active role at different stages. These 

professionals /disciplines conventionally intend to work independently but make 

decisions that inevitably affect each other. The implementation of concurrent 

engineering gathers them as a team within which collaborative decisions are made. 

Team working can be defined as "a number of people with complementary skills who 

are committed to a common purpose, performance goals, and approach for which they 

hold themselves mutually accountable" (Katzenbach and Smith, 1993). Team working 

within a concurrent engineering environment requires the deployment of a 

multifunctional team as a means for enabling cross functional communication and 
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quick decision making (Ainscough and Yazdani, 2000). Various studies (Phillips, 

1994, Ngwenyama et al, 1996, Hague and Taleb-Bendiab, 1998, Dowling and Louis, 

2000) concern decision-making issues within a team environment and provide 

applicable frameworks for different objectives. However, few appear to provide an 

optimum framework particularly for collaborative decision making in construction 

project teams. Furthermore, as IT is important for achieving concurrency, the IT 

software used in the existing approaches is not wholly appropriate for typical 

construction project teams (which are usually distributed); therefore, a novel software 

is imperative. Another weakness of the existing collaborative decision-making 

systems is their ability for dealing with uncertainties and imprecision during the 

decision making process. 

1.2.2 Fuzzy Logic and Construction 

In engineering and science, complex physical systems are usually described by 

mathematical models (Kruse et a], 1994). However, many real life problems are too 

complex for formulation as mathematical models. This might be one of the reasons 

that the rate of practical application of numerous technical and theoretical works on 

the use of computers and quantitative analysis to support managerial decision-making 

remains fairly low. One method to simplify complex systems is to tolerate a 

reasonable amount of imprecision, vagueness, and uncertainty during the modelling 

phase. Certainly the resulting systems are not perfect, but in many cases they are 

capable of solving the modelling problem in an appropriate way (Nguyen and Walker, 

1997). This is the basis of fuzzy set concepts for mathematical modelling presented by 

Zadeh in 1965. His contention is that meaning in natural language is a matter of 

degree. 
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Membership is used to characterize fuzzy sets. Fuzzy logic refers to a fuzzy system or 

a mapping from input to output that depends on fuzzy rules; the rules in turn depend 

on fuzzy sets or vague concepts that depend on fuzzy membership (Kosko, 1997). 

Fuzzy logic means reasoning with vague concepts. In practice it can mean computing 

with words. The use of fuzzy systems has yielded impressive success in recent years 

and covers many subject areas, such as economics, medicine, management science, 

psychology, sociology, and engineering (Maeda et al, 1987, Cohen and Hudson, 1992, 

Kartalopoulos, 1996, Pacini and Kosko, 1997, Hopgood et al, 1998). The examples of 

application of fuzzy systems in engineering are many, such as fuzzy control, robotics 

and situation analysis in power systems, but specific applications in the construction 

sector are few compared to other industry sectors. In many cases, these are limited to 

the structural engineering domain (Soh and Yang, 1996, Biondini et al, 2001). Recent 

efforts made in its application to the construction management domain (Chao and 

Skibniewski, 1998; Fayek and Sun, 2001; Boussabaine and Lewis, 2001; and 

Graneshan et al, 2001) do not appear to concern collaborative decision-making. Few 

of the previous fuzzy-based decision-making approaches (Tong and Bonissone, 1980, 

Vlacic et al, 1997, Lam et al, 2001) support group work. This leaves gaps for potential 

use of fuzzy logic in construction for collaborative decision-making. 

In the conventional process, project team members often adopted an adversarial 

approach to decision making; they are required within a concurrent engineering 

framework to be effective team players, working together for the good of the project. 

In some cases, these project team members are geographically distributed making 
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regular physical meetings inconvenient, time-consuming and expensive. In making 

decisions, project team members bring their own disciplinary or individual views to 

the decision making process. This often means that conflict arises based on how 

important an issue is to different disciplines. Perhaps what one discipline considers 

very important is of low importance to another. The disparate priorities are usually 

expressed in linguistic fuzzy terms (e. g. very important, important, low importance, 

and not important). There is often no formal or quantitative way of reconciling these. 

In physical meetings, the personalities of the individuals involved often have a great 

part to play and may result in sub-optimal solutions being adopted. This means that, 

in project team decision-making, the contributions from all participants are not 

always adequately considered or taken into account. Sometimes, decision alternatives 

are also expressed in linguistic fuzzy terms. Uncertainties and vagueness such as 

these need to be addressed since they have a significant impact on a project team's 

daily decisions. 

In the light of the foregoing, there is the need for decision-making systems that are 

capable of providing an objective and rational framework within which collaborative 

decisions can be taken by virtual construction project teams. It is this need that this 

research project seeks to address. 

1.3 AIM AND OBJECTIVES OF THE STUDY 

The aim of the research project was to investigate the applicability of fuzzy logic 

principles to collaborative decision-making in construction project teams. The 

following specific objectives were defined: 
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1. To review concurrent engineering theory and collaborative decision-making 

models and theories; 

2. To explore the potential for the use of fuzzy logic in the development of a 

decision-making system for construction project teams; 

3. To develop a fuzzy logic-based collaborative decision-making system for 

virtual construction project teams; 

4. To evaluate the system using hypothetical (or real-life) project team decision- 

making scenarios. 

1.4 RESEARCH METHODOLOGY 

This research focused on the development of a decision-making tool that facilitates 

collaboration within virtual construction project teams. The aim is that geographically 

distributed team members can make decision effectively. In order to achieve the 

preceding objectives of the research, various tasks and related strategies were 

adopted. These include a mixture of literature review, pilot industry survey, case 

studies, and rapid prototyping. 

1. The extensive literature review mainly focused on three areas: conceptual theories 

and principles of concurrent engineering, its application in construction, decision 

making theories, current status of collaborative decision-making in construction, 

fundamental theories of decision support system and its existing approaches in 

construction and other sectors; key concepts and important operational principles 

of fuzzy sets and systems, and existing tools in construction and decision-making 

and other fields based on fuzzy logic. The investigation into the principles of 

collaborative decision-making and fundamentals of fuzzy theory established the 
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base and focus of this research. The information about current trends and 

technology for the application of fuzzy logic was obtained from the investigation 

into the existing tools. In reviewing such literature particular attention was given 

to any fuzzy logic theory and method that facilitate multidisciplinary multi- 

criteria decision-making. Other works that could provide relevant information, 

such as concurrent engineering applications in the manufacturing industry, 

knowledge-based decision support systems, fuzzy logic-based expert systems etc., 

were also studied. 

2. A pilot industry survey was carried out with a group of industrial practitioners 

who were involved in construction project team for decision-making, using a pilot 

questionnaire. The investigation provided an insight into collaborative decision 

making in the construction industry. Its specific objectives were: 

1. to ascertain in what situations (or stages in the construction process) that 

collaborative decision making takes place between project team members; 

2. to establish the extent to which collaborative decision making takes place 

within each discipline, and whether it is managed differently from those 

situations involving other disciplines; 

3. to determine the procedure adopted in collaborative decision making, with 

a view to identifying elements of good practice, weaknesses in existing 

procedures, tools and techniques used, personnel / parties involved, the role 

of IT, etc.; 

4. to investigate how uncertainties are managed in the collaborative decision- 

making process. 
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3. A decision-making model of the proposed system was developed, based on the 

knowledge gained during the literature review phase and the information obtained 

from the industrial investigation. The development of the model followed an 

iterative process which involved the following: 

0 Development of the system architecture and operational mechanisms; 

0 Review and feedback by academic staff involved in the research; 

0 Peer review from other researchers at conferences and workshops; 

0 Discussion with some experts in the fuzzy logic domain 

4. The proposed system was developed on a PC. The language utilised was Java as 

the system was designed to be Internet-based. 

5. The system was evaluated to assess its benefits and limitations. The evaluation 

was designed for two group decision-making scenarios -a generic situation and a 

construction-specific scenario. Evaluators were drawn from researchers and 

construction professionals. At the end of each evaluation sessions, evaluators 

were requested to complete a questionnaire that summarizes the value of the 

system from various perspectives. 

6. At the final stage, inferences were drawn and recommendations made for future 

extension of the prototype. 

Details of the specific methods adopted at each of the stages of the research project 

are provided at appropriate points within the thesis. 
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1.5 THESIS STRUCTURE 

This thesis is divided into 7 chapters as follows: 

Chapter 1 introduces the research undertaken and describes the background, aim, 

objectives and methodology of the research and also states the problem to be solved 

in this study. 

Chapter 2 reviews basic concepts and principles relating to concurrent engineering 

and collaborative decision-making in construction. It also explores the limitations of 

existing approaches in this area. 

Chapter 3 starts with fundamental definitions and important principles of fuzzy set 

theory and then examines the major advantages of fuzzy systems. The applications of 

fuzzy set theory in construction and other industries are investigated in this chapter, 

followed by a discussion of gaps and opportunities for further development. 

Chapter 4 describes the conceptual model of the prototype system after examining 

the suitability of three existing fuzzy logic-based approaches. This chapter also 

reports the six primary steps of the decision-making system. An example is used to 

show how the system would operate. 

Chapter 5 describes the development and operation of the prototype system. It 

reports on the system development environment, program organization, user-interface 

design and code development, and then demonstrates the system operation using a 

computer-based example in which the key features of the system are highlighted. 
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Chapter 6 describes the system evaluation. It summarises the results of the system 

evaluation using two decision-making scenarios and discusses the system's merits 

and demerits. 

Chapter 7 provides the summary and conclusions of this thesis. It discusses the 

extent to which the aims and the objectives of the research have been achieved and 

then concludes with the key findings of the research. Recommendations for further 

work are also provided. 
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CHAPTER 2 

CONCURRENT ENGINEERING AND COLLABORATIVE DECISION 

MAKING IN CONSTRUCTION 

2.1 INTRODUCTION 

This chapter reviews the basic concepts and principles of Concurrent Engineering 

(CE) and Collaborative Decision-Making (CDM), and describes their implementation 

in construction. It further discusses the importance of group decision-making in CE 

and the limitations of existing CDM approaches in the construction sector. 

2.2 CONCURRENT ENGINEERING 

2.2.1 Introduction and Definition 

Concurrent Engineering was initially proposed as a means to minimise product 

development time (Prasad, 1996). This was necessitated by changes in manufacturing 

techniques and methods, management of quality, market structure, the increasing 

complexity of products, and demands for high quality and accelerated deliveries at 

reduced costs. These changes resulted in a shift in corporate emphasis with the result 

that, the ability to rapidly react to changing market needs and time-to-market became 

critical measures of business performance (Constable, 1994, Thamhain, 1994). With 

its growing use in industry, many definitions and some interpretations of CE have 

emerged. Below are some definitions or explanations of what CE is: 

" Winner et al (1988): CE is a systematic approach to the integrated, concurrent 

design of products and their related processes, including manufacture and 
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support. This approach is intended to cause developers, from the outset, to 

consider all elements of the product lifecycle from concept through to disposal, 

including quality, cost, schedule and user requirements; 

" Monroy (1992): CE is the earliest possible integration of the company's overall 

knowledge, resources, and experience in development, marketing, 

manufacturing, and sales into creating successful new products with high 

quality and low cost, while meeting customer expectations. 

" Koskela (1992): CE is a term that refers to an improved design process 

characterised by rigorous up-front requirements analysis, incorporating the 

constraints of subsequent phases into the conceptual phase and tightening of 

change control towards the end of the design process. 

" Barkley (1993): CE is used to convey a philosophy of multiple processes 

occurring simultaneously. It does not represent a single idea but a combination 

of methodologies, which include multi-disciplinary teams, integrated tools, 

lessons learned, databases and quality function deployment. 

" Madan (1993): the key ingredient of CE is multi-functional teamwork where 

teams work together from the outset to anticipate problems and bottlenecks and 

to eliminate them early in the product development cycle. 
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" Carter (1994): CE means teamwork and it enables individuals from different 

disciplines to communicate and collaborate to solve problems and develop 

manufacture and support products. 

" Ranky (1994): CE is a logical and systematic framework that represents an 

opportunity for working together in teams, sharing and integrating data and 

information using appropriate engineering data management tools and systems. 

" Prasad (1995): CE refers to the re-engineering of the product process so that 

tasks are organised concurrently. CE systems stem from Computer Integrated 

Manufacturing (CIM) systems or Engineering Information Systems (EIS). 

" Harding and Popplewell (1996): CE is a holistic methodology for the co- 

ordination of distributed, heterogeneous expertise to achieve cost-effective, 

market-driven products in minimum time scales. 

" Ainscough & Yazdani (2000): CE encompasses philosophies that enable a 

company to execute each phase of product development process in parallel so as 

to reduce the time in which they can design, develop and introduce a product to 

the market. 

To sum up the foregoing definitions and explanations, CE is therefore: 

1. a methodology that contains other methodologies, such as multi-disciplinary teams, 

integrated tools, databases and quality function deployment etc; 

2. a logical and structured framework that facilitates integration of 
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" different aspects of product development process, such as design, 

manufacturing, marketing etc; 

" techniques, tools, knowledge, and information; 

" people 

3. a concept that is aimed at reducing product development time and cost, increasing 

quality and value, and satisfying the customer. 

2.2.2 Principles of Concurrent Engineering 

Many researchers have described the principles of CE (Madan, 1993, Nicholas, 1994, 

Carter, 1994, Ranky, 1994, Prasad, 1995, Evbuomwan and Anumba, 1996). Ranky 

(1994) suggested that the most important CE principles and necessary techniques for 

its implementation include the following: 

1. Improving communication with the current and potential customers and users. 

Translate customers' needs into specific product specifications, quality 

requirements, process, function and aesthetic requirements; 

2. Employing multi-disciplinary product design teams; 

3. Designing the manufacturing and required processes simultaneously; 

4. Involving suppliers & sub-contractors at an early stage of the design; 

5. Creating a three dimensional/solid (CAD) model of the design at an early stage; 

6. Integrating CAD/CAM and analysis tools; 

7. Simulating product performance and the manufacturing processes as early as 

possible in the design stage in order to avoid production line problems; 

8. Using structured techniques to enhance product quality and reliability; 

9. Using quality techniques to understand the role and integration of product & 

process parameters; 
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1O. Incorporating the lessons learned from previous products in a new design; 

11. Eliminating the non-value-adding activities in your design and manufacturing 

processes. 

Key goals and principles of CE summarised by Evbuomwan and Anumba (1996) 

include: 

  proper analysis and establishment of customer requirements and 

specifications; 

  development of conceptual solutions that are modular, easy to manufacture 

and assemble; 

  integration of the manufacturing process and product design that best matches 

needs and requirements; 

  designing the interface between subsystems within a project to take account of 

tolerances as well as designing the product to be robust; 

  adopting a systems approach to product development and taking into account 

the entire product lifecycle; 

  continually focusing on improvement of the product and manufacturing 

process; 

  location of multifunctional teams together, when possible, to facilitate better 

communication; 

  reduction of product lead times and product costs; 

  paralleling the design process. 

Other views on the principles of CE, from various sources are as follows: 
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a. CE involves two fundamental principles: doing up-front work carefully to avoid 

later changes, and the use of parallel processing wherever feasible (Madan, 

1993). 

b. The team is responsible for conceptualising the project correctly at the initial 

stage. This involves doing the up-front work thoroughly, even at the price of 

lengthening that phase (Madan, 1993). High-level teamwork is essential to 

successfully implement CE (Nicholas, 1994). 

c. Support for CE should occur at multiple levels within the enterprise and should 

include: 

" The support by top management to enforce organisational changes which 

are required to implement CE; 

" Changes in the communication infrastructure; 

" Trace-ability and correlation of customer requirements throughout the 

product development cycle (Carter, 1994); 

The broad principles of CE provide guidelines for its implementation, which directly 

address the problems in the construction industry. 

2.2.3 Concurrent Engineering in Construction 

The success of concurrent engineering in the manufacturing industry is a motivation for the 

construction industry to adopt CE. In the context of the construction industry, the 

definitions provided in the earlier section can be modified thus: "Concurrent Engineering 

attempts to optimise the design of the project and its construction process to achieve 

reduced lead times, and improved quality and cost by the integration of design, fabrication, 
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construction and erection activities and by maximizing concurrency and collaboration in 

working practices" (Evbuomwan and Anumba, 1998). 

There is an increasing need for the integration of all key players in any construction project 

into a multi-disciplinary team. It is imperative that the industry will have to change its 

modus operandi by adopting new business processes that overcome the problems posed by 

the fragmentation of the various functional disciplines involved in construction projects. 

These problems include (Anumba and Evbuomwan, 1997): 

a) Elimination of viable design alternatives due to pressure of time; 

b) Prevalence of costly engineering changes and design iterations; 

c) The lack of adequate communication between each of the disciplines involved 

in the construction process; 

d) Characterisation of the design process with rigid sequence of activities; 

e) Produce-ability and supportability issues are considered late in the process; 

f) Fragmentation of design data and difficulty in maintaining data consistency; 

g) Loss of information about design intent; 

h) Inappropriate estimation of construction costs. 

The adoption of concurrent engineering within the construction industry enables the 

above problems to be solved. The benefits of CE and collaborative working in 

construction are now being recognised (de la Garza et al., 1994, Evbuomwan and 

Anumba, 1996, Love and Gunasekaran, 1997, Hannus et al., 1997, Anumba and 

Newnham, 2000) and can be realised by establishing procedures and processes, 

developing resources, tools, techniques and systems to support its concepts and 

principles. The integration of these features will lead to the development of successful 
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projects by bringing together all the key functional disciplines in design, fabrication 

and construction as early as possible. In the implementation of CE within the 

construction industry, the following key issues should be addressed (Evbuomwan and 

Anumba, 1998): 

1. the need to focus on the customer/owner/client; 

2. the need to integrate the activities of the various functional disciplines 

involved in the project; 

3. carrying out competitive benchmarking of design and construction practice 

and processes; 

4. focusing on the quality, cost and delivery of projects; 

5. concurrently developing the design of the project along with the fabrication, 

construction and erection processes; 

6. establishing strategic relationships with materials and component suppliers 

and sub-contractors; 

7. integration of CAD and other design tools for CE; 

8. use of modern project management techniques to enable paralleling and 

overlapping of the design and construction activities; 

9. integration and commonalization of design knowledge, data and information; 

10. the use of new materials and technologies; 

11. the effective use of computer hardware and software. 

To address the above issues, the implications for the implementation of CE in 

construction arise from the nature of the industry. The implementation of CE in 

construction refers to established practices and traditions which characterise the 

industry and which may bear upon the implementation of CE. They include the 

following (Kamara, et al, 1997): 
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a. The position of the professions. One of the key factors for implementation of 

CE is multi-functional teams and high levels of co-operation and information 

sharing. In the case of construction, this involves breaking down professional 

and organisational barriers. 

b. The practice of competitive tendering. This implies that the effective inclusion 

of contractors and suppliers in the design team becomes unlikely. However, 

procurement by design and build provides a more appropriate framework for the 

inclusion of downstream project participants early on in the construction 

process. 

c. The nature of project organisations. A narrow view of CE is `integrating product 

and process design' (Prasad, 1996). A wider view is `integrating over the 

product life', which involves `integrating over the enterprise'. In construction, 

project organisations are temporary multi-organisations and such `enterprise' 

integration may not be easily achieved. The change in the mix of project team 

members for different projects would also make it difficult to establish the 

necessary organisational procedures and processes that provide a suitable 

framework for CE implementation. However, the growing practice whereby 

construction companies form consortia (e. g. Bennett et at, 1988) predicts the 

way forward for the industry and to some extent, provides a basis for the 

adoption of CE. 

d. The use of standard forms of contract. Successful implementation of a CE 

method of procurement should either be accompanied with a standard form of 

contract, or the current practices and attitudes in regard to the use of these 

forms, must change. 
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Efforts to develop the methodologies and tools for the implementation of CE in 

construction are varied and have been made by a number of researchers, such as 

Sanvido and Medeiros (1990), Fiksel and Hayes-Roth (1993), Perkinson et al (1994), 

Sivaloganathan and Evbuomwan (1997), Morris et al. (1998), Kamara et al. (1999) 

Anumba et al. (2000), Chen and Li, (2000), and Ganeshan et al, (2001). 

Kamara et al (1999) described an approach to the improved processing of clients' 

requirements in construction. The approach was designed to address the deficiencies 

in current briefing practices, as well as satisfy the requirements for requirements 

processing in concurrent life-cycle design and construction. CE was implemented in 

the methodology presented by Anumba et al (2000) in a steelwork construction 

project while Chen and Li (2000) developed a satisfaction-driven and multifunctional 

approach with applications to concurrent product design. Collaborative technology 

was applied by Ganeshan et al (2001) to infrastructure management that involved an 

interdisciplinary team. Some of the other researchers tend to focus on communication 

and information management tools to enable collaborative and concurrent working 

between construction professionals, as information management is an important 

aspect of CE implementation in construction. However, very few tools have been 

developed to facilitate group decision-making in construction, especially to tackle 

conflicts between different professionals and the uncertainties existing in the process 

of group decision-making. 

2.2.4 Group Decision-Making in Concurrent Engineering 

Concurrent Engineering is usually considered to be synonymous with simultaneous 

engineering and collaborative engineering (Huovila et al, 1997). The importance of 
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group decision-making in CE is reflected in two CE definitions that stress teamwork 

(Prasad, 1996): 

1. CE is a logical and structured framework that facilitates early integration of the 

entire product development process (processes, tools, technologies, and people) 

2. CE is a philosophy which contains several other methodologies, and involves: 

paralleling of life-cycle functions, teamwork, consensus and co-operation, cost- 

effective robust design from conception through disposal, simultaneous design of 

all downstream processes during upstream phases, minimisation of total product 

development time, and reduction of lead time, and lower costs. 

Since a multi-disciplinary team and integration over the entire enterprise are key 

factors in the effective implementation of CE in construction and the fact that an 

enterprise in construction is a temporary multi-organisation, the barriers between 

different professionals must be broken down. The combination and coordination of 

the talents and energies of many members of a project team are needed. Groupwork is 

imperative to meet the requirements of a CE working environment and support the 

implementation of CE principles. 

Group decision-making is also of importance in CE in terms of facilitating 

collaborative working. In this regard, information management is important and 

should help to (Prasad et al, 1993): 

1. Capture design intent, knowledge, rationale, heuristics and decision processes; 

2. Test responsiveness (sensitivities) relative to different events (e. g. input of 

changes, how they propagate, and who is affected); 

3. Enforce strategies; 

21 



4. Trigger events and actions automatically (e. g. execute a design verification, 

algorithm or allow automatically execution of an analysis program). 

Therefore, to develop adequate enabling technologies for CE, computer-aided 

decision support applications that enable groups and teams to interact, collaborate and 

make decisions during product realisation are essential; also, open and distributed 

computer-based information architectures are expected to provide different services 

for the achievements of high levels of integration and communication (Molina et al, 

1995). These have been realised and some studies have explored the aspect of group 

decision making or team work in the implementation of CE (Hague and Taleb- 

Bendiab, 1998, Cointe and Matta, 1998). 

Clearly, group decision-making is necessary for CE and there is the need for effective 

tools to facilitate this between both collocated and distributed group members. 

2.3 COLLABORATIVE DECISION-MAKING 

2.3.1 General Nature of Decision-Making 

The decision-making process may be considered by anyone outside it as simply the 

product of a single event, in which an instruction is handed down from some powerful 

persons. This is a typical ill-defined concept. Decision making, defined quite broadly, 

is perhaps best regarded as a bundle of interconnected activities that include 

gathering, interpreting, and exchanging information; creating and identifying 

alternative courses of action; choosing among alternatives by integrating the often- 

differing perspectives and opinions of team members; and implementing a choice and 
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monitoring its consequences (Guzza, 1994). A general case of decision-making is 

considered as an end decision that is the product of a whole series of subsidiary 

decisions and the interaction of many interested parties (Chicken, 1994). Fig. 2.1 

illustrates the various parties that are likely to be involved in decision-making related 

to major projects. 

Proposer 

International Advisors 
Organisations 

Regulatory bodies Financial 
Institutions 
Abroad Decision 

Other government Consultants Making Set 

National financial Universal Institutions Public Set 

Environmental I Contractor 
Pressure groups 

Government 

Fig. 2.1 Composition of a Decision Making Set (Chicken, 1994) 

Differences in decision-making can be classified by organisational level. Anthony 

(1965) grouped decision-making in an organisation into three categories: strategic, 

management control, and operational control. Laudon and Laudon (2000) added one 

more - knowledge-level decision-making. These are described below: 
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" Strategic decision-making determines the objectives, resources, and policies of 

the organisation. A major problem at this level of decision-making is predicting 

the future of the organisation and its environment and matching the 

characteristics of the organisation to the environment. 

" Decision-making for management control is principally concerned with how 

efficiently and effectively resources are utilized and how well operational units 

are performing. 

" Knowledge-level decision-making deals with evaluating new ideas for products 

and services; ways to communicate new knowledge; and ways to distribute 

information throughout the organisation. 

" Decision-making for operational control determines how to carry out the 

specific tasks set forth by strategic and middle management decision makers. 

Within each of these levels of decision-making, Simon (1960) classified decisions as 

being programmed or non-programmed, which are also referred to as structured 

decisions and unstructured decisions. Unstructured decisions are those in which the 

decision maker must provide judgement, evaluation, and insights into the problem 

definition. Structured decisions are repetitive, routine, and involve a definite 

procedure for handling so that they do not have to be treated each time as if they were 

new. Some decisions are semi-structured, which means that only part of the problem 

24 



has a clear-cut answer provided by an accepted procedure (Laudon and Laudon, 

2000) 

A decision making process consists of different activities that take place at different 

times, which are described as four different stages (Simon, 1960): 

  Intelligence consists of identifying the problems occurring in the organisation; 

  Design allows the individuals to design possible solutions to the problem; 

  Choice consists of choosing among alternatives; 

  Implementation allows managers to use a reporting system that delivers routine 

reports on the progress of a specific solution. 

In terms of the people involved, decision-making can be categorised into individual 

decision-making and group decision-making, which is the focus of this study. 

2.3.2 Group Decision-Making 

2.3.2.1 Decision-making groups 

Wilson and Rosenfeld (1990) defined small groups as two or more individuals who 

interact with one another and where there is a psychological interrelationship between 

them. No matter how small or big a group is, there must be a significant level of 

interdependence between group members. A group (or team) is defined by Morgan et 

al. (1986) as "a distinguishable set of two or more individuals who interact 

interdependently and adaptively to achieve specified, shared, and valued objectives". 

There are two types of groups/teams to be examined in light of this definition 

(McIntyre and Salas, 1995): 
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  Tactical decision-making group/team, which concerns the making of decisions 

under time pressure and threat; 

  Slow paced, non-emergency decision-making group/team, which often 

involves long-term consequences and perhaps economic threat to the 

organization. 

Groups/teams can also be categorized into: formal groups and informal groups 

(Wilson and Rosenfeld, 1990): 

9 Formal Groups are designed and created around specific tasks. Individuals 

assigned same membership in an organisation but different tasks may serve the 

group for a specified length of time. Formal groups would usually show up on 

the organisational chart and they are mostly specified by functional 

differentiation. 

" Informal Groups These groups often evolve from the interaction of people 

within an organisation. Informal groups can cross functional and hierarchical 

boundaries. 

Teamwork is critical to the performance of the team/group. Within the group/team, 

members play different roles and take on specific tasks. Collaboration between formal 

groups is normally achieved through `linking pins' created by multiple group 

membership. Informal groups usually focus on information sharing, allow the testing 

out of new ideas and schemes, act as sounding boards for all kinds of information. 

The coherence and psychological solidarity that characterise informal groups can be a 

great asset to the organisation and help the goals be achieved quicker than most 

formal routes (Wilson and Rosenfeld, 1990). 
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According to Murnighan (1982), Game Theory has been the dominant theoretical 

framework for analysis of the intricacies of situations (games) involving conflicting 

preferences among individuals (players). The game of group decision-making consists 

of a set of individuals, each of whom holds a set of preferences for a set of possible 

decisions, and a decision process that determines how those preferences will be 

combined to yield a decision. Thus group decision-making is regarded as a game that 

is co-operative. In the case of non-co-operative games, individuals focus on obtaining 

benefits, concentrating solely on self-preservation and protection. 

2.3.2.2 Group decision processes 

Although the formal rules of different groups make the decision processes very 

different, in practice, the informal processes used by groups may not vary much. 

Below are characteristics of group decision making processes summarised on the 

basis that the issue in need of a decision has been identified (Murnighan, 1982). 

" Unanimity: The unanimous decision process does not specify how a group decides 

between alternatives; it merely indicates that all must agree with at least one 

alternative. 

" The consensus: Besides unanimity, compromise is appropriate. All group members 

must agree with the final solution, but there is usually at least an implicit norm that 

the group should seek a solution that satisfies everyone. 

" Majority rule: It takes many forms, such as, 

(1) individuals can all vote for their most preferred alternative, and the alternative 

which receives the most votes wins; 

27 



(2) individuals vote on pairs of alternatives, with the winner in each pairing 

included in the subsequent pairing, and the last remaining alternative is 

chosen; 

(3) voters rank order the alternatives in line with their preferences, the group 

choice is determined by differentially weighting each voter's first second, 

third, etc. choices, adding up the weights, and choosing the alternative with the 

largest sum. 

9 Hierarchical: Decision procedures can also have many forms. Most involve a 

discussion of the alternatives by group members, with a single individual being 

responsible for the group's final decision. 

Since the decision makers in a group tend to be reactive to demands and seek 

solutions to their current problems by seeing what the group did in the past, the 

organisation in which the group exists develops slowly and in piecemeal fashion 

rather than through radical steps (Wilson and Rosenfield, 1990). This view is at the 

centre of Incrementalism, or the science of muddling through (Lindblom, 1995). In 

addition to Incrementalism, there are two other theories describing the decision 

process: Garbage Can Theory (March and Olsen, 1976) and Process Typology 

(Hickson et al, 1986). These three theories are described below: 

" Incrementalism is the way most decisions are handled in organisations most of the 

time. Current and future decisions are dominated by the history of actions in the 

past. Even when problems arise and cannot be tackled piecemeal, managers still 

attempt to muddle through by taking bits at a time and by relying on history for 

guidance. 
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" Garbage Can Theory argued that organisations were really collections of solutions. 

Solutions represent an individual's or group's view of what ought to be done in a 

given set of circumstances. These solutions were the outcomes of previous 

decision processes and a product of organisational culture. One of these pre- 

existing solutions would be picked up and attached to the fresh problem faced by 

decision-makers. 

" Process Typology It is found that there appears to be an attempt by decision- 

makers at achieving some linear sequences. They are usually characterised by 

many interruptions and many recycles, especially at the stage when alternatives are 

being considered and the nature of the problem came in for some redefinition. So, 

while processes are complicated, decision-makers attempt to achieve some linear 

sequences. 

Managing the decision process is complex but not impossible. It is just one phase of 

group decision making, while managing the decision making group is another. 

2.3.2.3 Making groups work 

Decision making is not the only activity of relevance to teams, but it is a key activity 

contributing to team effectiveness (Guzzo, 1995). Decision-making in a team/group is 

quite distinct from individual decision making and groups are more effective and offer 

more advantages than individuals (Wilson and Rosenfeld, 1990). There have been a 

number of techniques introduced to make groups work although all have had limited 

success: 
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Groupthink: is a distractive shortcoming of group work. It is described as "a 

deterioration of mental efficiency, reality testing and moral judgement that is the 

result of in-group pressures. (Janis, 1972) ". The symptoms of groupthink are (Wilson 

and Rosenfield, 1990): 

1. The group feels invulnerable. There is excessive optimism and risk-taking; 

2. Warnings are discounted by the group members in the name of rationality; 

3. There is an unquestioned belief in the group's morality. The group will ignore 

questionable stances on moral or ethical issues; 

4. Those who dare to oppose the group are called evil, weak, or stupid; 

5. There is direct pressure on anyone who opposes the prevailing mood of the 

group; 

6. There is an illusion of unanimity. Silence is interpreted as consent; 

7. There are often self-appointed people in the group who protect it from adverse 

information. These people are referred to as "mindguards". 

All of the above can commonly occur in committees or board meetings. Organisations 

can very quickly become helpless. Simultaneously, managerial decisions drifting 

towards goals are either inappropriate or are left unquestioned. 

Brainstorming was initially used by Osborn (1963). Fundamental to this method is the 

`principle of suspended judgement', which means that evaluation is postponed during 

the period of idea generation. Group members' efforts are concentrated on developing 

a roster of possible solutions before their evaluation. Before many alternatives have 

been proposed and described, no solution can acquire enough positive comments to 

pass the adoption threshold or enough negative comments to drop below the rejection 
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threshold. The aim of brainstorming is to break through conventional thinking and 

come up with a comparatively superior solution. Unfortunately, the bulk of empirical 

research does not support claims of any superior creative performance from 

brainstorming groups (Van de Ven & Delbecq, 1974, Wilson and Rosenfeld, 1990). 

Delphi Technique was designed primarily for non-interacting groups. It avoids face- 

to-face contact, but uses multiple ideas and inputs from individuals. In its simplest 

form, the method asks each member of the group to make an independent and 

anonymous judgement on a predefined problem. The judgements are then averaged, 

giving each person's judgement equal weight. The members are then told what the 

average and the distribution of judgements were and asked to vote again. The reasons 

for different votes may be included in the report. The process is repeated until a 

consensus is reached. This method has the following advantages: 

9 it caters for groups whose members are geographically distributed; 

" it can minimise the effects of status differences on the decision-making process; 

" it aims to try and obtain all the benefits of a group decision (multiple ideas, 

suggestions, more expertise, and greater amounts of information); 

" it aims to avoid the disadvantages of group processes (groupthink, interpersonal 

conflict etc. ). 

However, the Delphi Technique also has disadvantages: 

" it is time-consuming; 

" it can feel artificial or forced to managers; 

" it lacks understanding of the problem and of the final decision; 
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" it lacks members' commitment to the decision gained from expressing one's 

personal support for the decision (Wilson and Rosenfeld, 1990). 

There is another technique, called the Nominal Group Technique (NGT), which is 

similar to the Delphi Technique. The difference is that in the Nominal Group 

Technique individuals rank the ideas of others in the `group'. The decision is then 

made on the basis of the highest-ranking idea. 

Quality Circles are groups of employees who meet together regularly in company 

time to generate solutions to problems they face. This method is designed to enable 

people to talk over problems (such as poor quality of manufactured goods, or 

suggestions for improving production processes) and to discuss difficulties that come 

up in everyday work. It is originally designed to improve the quality of manufactured 

products. Now it is extensively used to achieve participative decision-making 

throughout the whole organisation. The results of this technique are mixed. Many 

quality circles end up with plenty of talk but little action on their ideas (Lawler & 

Moreman, 1985). 

Decision Conferencing has its genesis in high-technology decisions, starting in the 

1980s. It is usually a two- or three-day decision-making session. The participants of 

the meeting are all `owners' of a problem or set of problems. The participants' 

different viewpoints are combined into a computer model that is generated on the spot 

by the group. The model then allows experimentation to test the consequences of 

preferred courses of action. 

Three specialist staff are required in the Decision Conferencing technique: 
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a) A facilitator that looks after the group processes that occur; 

b) An analyst that looks after the computer modelling; 

c) A recorder that uses a projected word processor to highlight to the group the 

words it is using and to determine the central issues. 

Decision Conferencing is likely to be employable in all kinds of decision activity. It is 

designed to handle complex decisions. It suits the cases in which there are different 

points of view already known and the objective is to reach consensus. The decision 

process is intensive but expensive. 

Overcoming Groupthink Some specific techniques have been developed to overcome 

`groupthink' (Furtado, 1988). The early attempt made by Furtado (1988) stated how 

to overcome the phenomenon of groupthink: `clearly defining a vision, getting the 

organisation behind it, encouraging risk taking and participative involvement of all 

the workforce are not incompatible with the basic management skills'. 

Belbin (1981) suggested that the following 8 roles should be represented: 

1) chairman: the co-ordinator 

2) team leader: the shaper, gives the process direction 

3) innovator: creative thinker 

4) monitor: the critical thinker 

5) company worker: getting the task done for the firm 

6) team worker: manages the interpersonal interaction in the group 

7) the completer: keeps the team on its toes by always making reference to the end 

goal of the decision 
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8) resource investigator: keeps the team in touch with others in the organisation 

All the roles above are necessary. Individuals in a small group may adopt two or more 

roles. Collaboration between these roles keeps groups well balanced and allows full 

discussion and avoids any pitfalls of groupthink. 

2.3.3 Collaborative Decision Making in Construction 

While the construction industry forges rapidly ahead to a more competitive world, 

collaborative working involving different disciplines, different locations and different 

IT methods is becoming more and more important in project management. Over the 

past few years, construction companies have benefited much by successful 

collaborative decision-making. It facilitates completion of the project both in time and 

with high quality in some cases. Many researchers such as Pena-Mora et al (1995), 

Rezgui et al (1998), Anumba and Newnham (2000) and Marir et al (2000) have 

investigated aspects of collaborative decision-making in construction. 

The development of large-scale engineering systems requires the collaboration of 

numerous specialists. Their decisions reflect their different perspectives of a project, 

and may lead to conflicts. The study presented by Pena-Mora et al (1995) addresses 

the representation, use, and communication of design rationale for conflict mitigation 

in a collaborative environment. Rezgui et al (1998) defined mechanisms to handle a 

number of issues relating to the management of information to support decision- 

making in collaborative projects. It is essential that enabling information and 

communication technologies are available for effective collaborative working 
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between the parties in a construction project team. The model developed by Anumba 

and Newnham (2000) provides an agent-based system for the automated design of 

light industrial buildings, involving the use of distributed artificial intelligence. Marir 

et al (2000) also investigated providing information management and decision support 

in the context of distributed collaborative construction engineering, focusing on 

process specification based on case based reasoning techniques. 

In general, no construction project is free from group decision-making, whether it is a 

building, road or bridges, dams or offshore structures. The decisions often need close 

collaborative working between members of the project group/team. A single manager 

would usually lack sufficient information or technical skill to make decisions alone 

even if he is creative and energetic as an individual decision-maker. Thus, most 

managers find themselves most of the time involved with other managers discussing a 

wide range of problems. Sometimes, a manager represents the collective feeling or 

viewpoint of his or her department on a topic in the decision group while at other 

times, he or she might be called into a group because what is to be decided will affect 

his or her area (Wilson and Rosenfeld, 1990). 

Therefore, decision-making in a group is characterised by a number of aspects that are 

specific to group rather than individual processes. The act of trying to make a decision 

will also result in specific kinds of behaviour from group members. Every profession 

or discipline in the project team, such as the architect, structural engineer, contractor, 

quantity surveyor, mechanical/electrical service engineer, works independently of one 

another but makes decisions that inevitably affect the others. Hence, there is an 
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increasing need for effective collaborative working between all the key participants in 

any construction project. 

There will always be some friction in a collaborative venture. The following 

commandments for collaboration proposed by Ritchie (1995) will help construction 

project teams to cope with it: 

1) There has to be a moral commitment. 

2) There should be no preconceived idea and collaborators should be open to 

almost anything. 

3) Learn to really listen and to interrupt, and be ready to be interrupted. 

4) Ideas are shared - no one can claim them afterwards. 

5) Be altruistic, not competitive. 

6) Respect the minds of your collaborators; their individual skills will become 

valuable later. 

7) There is time together - synthetic time, and time alone - reflective time. 

8) All participants are equal; there are no bosses. 

9) You have to respect the common concept as being more important than one you 

could have conceived by yourself. 

10) Be prepared to improvise. 

In practice, there are several combinations of the above principles and diverse 

environments of project cases. As such, established methods and systems are used to 

handle the conflicts between participants of a project team and to support the decision 

makers throughout all the phases of a decision making process. 
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2.3.4 Decision Support Systems 

2.3.4.1 DSS fundamentals 

Decision support systems (DSS) can support decision making in a number of ways. 

They can automate certain decision procedures (e. g. determining the highest price that 

can be charged for a product to maintain market share). They can provide information 

about different aspects of the decision situation and the decision process, such as what 

opportunities or problems triggered the decision process. They can stimulate 

innovation in decision making by helping managers question existing decision 

procedures or explore different solution designs (Dutta et al, 1997). 

Since recent advances in computer processing and database technology have extended 

the definition of a DSS to include systems that can support decision making by 

analysing vast quantities of data, today there are two basic types of DSS - model 

driven and data driven (Dhar and Stein, 1997). The difference between the two types 

is (Laudon and Laudon, 2000): 

  Model-driven DSS were primarily standalone systems isolated from major 

organizational information systems that used some type of model to perform 

"what-if' and other kinds of analyses. 

  Data-driven DSS support decision making by allowing users to extract useful 

information that was previously buried in large quantities of data. 

There is another type of DSS called `datamining', which provides technology for 

finding hidden patterns and relationships in large databases and inferring rules from 

them to predict future behaviour. It is more discovery driven. 
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The components of a DSS may include a database and a software system. A database 

is a collection of current or historical data from a number of applications or groups; 

while a software system can be collection of software tools that are used for data 

analysis (Laudon and Laudon, 2000). Fig. 2.2 describes what probably came to be a 

more customarily used model of the decision-making process in a DSS environment. 

Problem Recognition 

Implementation 

Choice 

Alternative analysis 

Problem Definition 

Alternative Generation 

Model Development 

Fig. 2.2 The Conventional DSS Decision Making Process (Courtney, 2001) 

2.3.4.2 Group DSS 

A group decision support system (GDSS) is an interactive computer-based system to 

facilitate the solution of unstructured problems by a set of decision makers working 

together as a group (DeSanctis and Gallupe, 1987). GDSS are still relatively new. 

However, after being studied, GDSS are now being used widely and have shown 

benefits. Below are some aspects of how GDSS can enhance group decision-making 

(Laudon and Laudon, 2000): 
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" Improved preplanning. Electronic questionnaires, outlining software and other 

PC software can structure planning, thereby improving it; 

  Increased participation. Using GDSS software, studies show the optimal 

meeting size can increase while productivity also increases; 

  Open, collaborative meeting atmosphere; 

" Criticism-free idea generation. Anonymity ensures that attendees can 

contribute without fear of personally being criticized or of having their ideas 

rejected because of the identity of the contributor; 

  Evaluation objectivity. Evaluation in an anonymous atmosphere increases the 

free flow of critical feedback and even stimulates the generation of new ideas 

during the evaluation process; 

  Idea organization and evaluation. Structured GDSS allow individuals each to 

organize and then submit their results to the group, the group then iteratively 

modifies and develops the organized ideas until a document is completed; 

  Setting priorities and making decisions. Anonymity helps lower-level 

participants have their positions taken into consideration along with the 

higher-level attendees; 

  Documentation of meetings. GDSS allow post-meeting use of the data. 

Attendees can continue their dialogues after the meeting and discuss the ideas 

with those who did not attend; 

  Access to external information; 

" Presentation of "organizational memory". Some GDSS facilitate access to the 

data generated during a GDSS meeting, allowing non-attendees to locate 

needed information after the meeting. 
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There have been many decision support or group decision support systems developed 

to support decision making in various sectors. Some examples are discussed below. 

2.3.4.3 DSS and GDSS in practice 

Specific techniques are used in DSS and GDSS to facilitate functions in economic 

decision making (Poh, 2000), in military decision making (Hill, 1991), or general 

information systems (Ngwenyama et al, 1996; Jeusfeld and Bui, 1997; Romano et al, 

1998; Dowling and Louis, 2000). 

Ngwenyama et al (1996) presented a set of techniques and an approach to support the 

facilitator in building consensus during group decision-making in computer 

supported group work. The data about each participant's expressed preferences for a 

set of alternatives, in their approach, are analysed to provide the facilitator with 

information about the level of group consensus, coalescing of sub-groups, and areas 

of strong disagreement. 

The Internet has been grabbing most of the attention of information systems 

researchers and practitioners. Jeusfeld and Bui (1997) proposed a script language to 

make use of the vast resource of the Internet as a means to better make DSS known 

to potential users; and to allow construction of DSS components stored on various 

Internet sites. The script language was intended to ensure effective search of DSS 

components and rapid development and deployment of application-specific DSS. 

The group decision support system developed by Romano et al. (1998) is Web-based 

and has the functionality that group participants express their opinions and cast their 

votes electronically. It is designed for a general manufacturing environment and does 
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not concern any issues of uncertainties and imprecision during decision-making 

processes. 

The techniques making groups work have been updated with the application of their 

computer-assisted implementations. Nominal Group Technique (NGT) is one of the 

most successful processes for structuring meetings. Dowling and Louis (2000) 

provide a computer-assisted asynchronous implementation for the teams especially 

with non-standard work schedules. 

There have been a lot of knowledge-based DSS that can be applied in a construction 

CE environment; examples include Shen and Grivas (1996), Attoh-Okine (1997), 

Ghasemzadeh and Archer (2000), Marir et al, (2000) Harrison et al (2001), Lam et 

al, (2001); or general manufacturing CE environment (Eden and Ackermann, 1994, 

Grabot et at, 1996, Bhargava et al, 1997, Poh, 1998, Hague et al, 2000, Rees and 

Koehler, 2000). Below are brief descriptions of some of the DSS or GDSS above. 

The DSS developed by Shen and Grivas (1996) is for the preservation of civil 

infrastructure and it aims at providing assistance for decisions concerned with the 

three main tasks of infrastructure maintenance and rehabilitation: symptom 

observation, condition diagnosis, and treatment identification. Two methodologies - 

knowledge graphs and damage assessment - were incorporated into the system, with 

a uniform representation scheme to organize the knowledge and data. 

A DSS was also developed for project portfolio selection with the implementation of 

an organized framework (Ghasemzadeh and Archer, 2000). Harrison et at (2001) 
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presented a computer-based DSS for life-cycle-based solid waste management while 

Grabot et al (1996) developed a DSS for product activity control to cope with the 

increasing flexibility of manufacturing system. The research of Lam et al (2001) 

illustrated a mathematical approach to the solution of decision-making problems that 

combine qualitative and quantitative objectives. The mathematical model can be 

applied to construction project problems by suggesting an optimal path of corporate 

cash flow that results in the minimum use of resources. The information provided by 

the mathematical model allows the planner to eliminate excess use, or idleness, of 

resources during the construction of a project. 

In Attoh-Okine's approach to rough set theory in pavement rehabilitation and 

maintenance DSS, the rough set concept is an effective tool for the analysis of 

information systems in a pavement management system database gained by both 

objective and subjective method. Poh (1998) presented an implementation of an 

intelligent system that provides an integrated environment for multiple attribute 

decision-making. The knowledge-based system intends to guide users in the selection 

of the most appropriate multiple attribute decision-making methods after being given 

information about the problem characteristics by the users. 

The study of Rees and Koehler (2000) concerned groups using GDSS for addressing 

organizational problems and developed an analytical model that is based on a genetic 

algorithm (GA) and can be used to estimate GA parameter values from experimental 

data. The study examined possible relationships between the GA crossover and 

mutation parameters and the group context variables of leadership. 
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Although the literature has documented many decision support systems and group 

support systems that have been developed to facilitate decision making with different 

knowledge-based functions, for the construction sector, most of existing approaches 

have limited use in practice. The limitations of the existing approaches are now 

discussed. 

2.4 LIMITATIONS OF EXISTING APPROACHES 

The benefits of collaborative decision-making in concurrent engineering environment 

have been realised and understood both by researchers and industrial practitioners 

over the last few years. While existing approaches in concurrent engineering and 

decision-making areas help people address their problems, notable limitations do 

exist. A survey reported that less than a fifth of British industry had taken up the CE 

philosophy and this was partly attributed to a lack of understanding with respect to its 

implementation (Ainscough & Yazdani, 2000). In terms of collaborative decision- 

making tools in construction, the following limitations are evident: 

1. Some DSS can be applied in a construction or general manufacturing CE 

environment but provide support only for a certain phase or aspect of product 

development process (e. g. Shen and Grivas, 1996, Grabot et al, 1996, Attoh- 

Okine, 1997, Hague & Taleb-Bendiab, 1998, Ghasemzadeh and Archer, 2000, 

Marir et al, 2000, Haque et al, 2000, Harrison et al, 2001); 

2. Some decision-making systems contribute to individual decision-making 

effectively but do not support group collaboration (e. g. Grabot et al, 1996, 

Jeusfeld and Bui, 1997, Poh, 1998, Ghasemzadeh and Archer, 2000, Marir et 

al, 2000, Lam et al, 2001); 
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3. Some approaches are designed to facilitate group decision making or concern 

the issues of group decision making (Eden and Ackermann, 1994; 

Ngwenyama et al, 1996; Romano et al., 1998; Dowling and Louis, 2000; Rees 

and Koehler, 2000) but few decision-making systems are capable of dealing 

with the uncertainties and imprecision during a practical decision-making 

process. Also, few existing systems are designed particularly to encourage 

objectivity and eliminate unhealthy and antisocial behaviour in group 

decision-making. 

4. Of the multiple ways in which organisations can facilitate group collaboration 

and coordination, the Internet (with its capabilities for e-mail and discussion 

groups) and intranets (for corporate information sharing) are prime options 

(Laudon and Laudon, 2000). For a given construction project, its organisation 

is a temporary multi-disciplinary team and its members are usually 

geographically distributed. Thus, Internet-based decision-making systems can 

best enhance group collaboration between members of a construction project 

team. Very few existing approaches (Romano et al., 1998) are Web-based and 

so do not adequately meet the needs and work practices of a distributed 

construction project team. 

As there is a lack of effective collaborative decision-making systems to overcome the 

limitations of the existing approaches, the research project presented in this thesis is 

intended to develop a new Internet-based collaborative decision making system to 

facilitate construction project team decision-making by geographically distributed 

members. 
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2.5 SUMMARY 

This chapter has reviewed the fundamental concepts and principles of concurrent 

engineering and group decision-making. It has also investigated the application of CE 

and collaborative decision-making in the construction industry. The importance of 

group decision-making in CE was stressed. It was established that group 

collaboration technologies could strongly enhance the work of a group, if the 

applications are properly designed. This was done by exploring the limitations of 

existing approaches to collaborative decision-making in construction. Another 

important aspect of the prototype system presented in this thesis - fuzzy set theory - is 

discussed in the next chapter. 
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CHAPTER 3 

FUZZY SET THEORY AND APPLICATIONS 

3.1 INTRODUCTION 

This chapter reviews the fundamental concepts and principles of fuzzy set theory and 

highlights the theories employed in the development of the prototype system. Some 

key advantages of fuzzy systems are explored in this chapter, followed by a 

discussion of the application of fuzzy set theory in various industry sectors. 

3.2 FUNDAMENTALS OF FUZZY SET THEORY 

Real-world objectives are often classified into different categories (Chak et al., 1998). 

Categories such as young man, good quality, and cold weather all convey linguistic 

hazy information. The concept of membership of an object in such categories is not 

obvious and not precise. Classic logic and set theory are weak and limited in 

application to such cases. Thus the idea of fuzzy sets proposed by Zadeh (1965) aims 

to deal with such information. 

Fuzzy sets involve capturing, representing, and working with linguistic notions - 

objects with unclear boundaries (Pedrycz & Goide, 1998). Fuzzy set theory is an 

extension of classical set theory. In classical set theory, an element either belongs to a 

set or does not belong to a set. In fuzzy set theory, an element may partially belong to 

a set. The mathematical definition of fuzzy set and other fundamentals of the theory 

are introduced below. 
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3.2.1 Key Concepts 

The important concepts include the definition of a fuzzy set and fuzzy binary 

relations, on which the Fuzzy Structural Modelling method that is adopted in the 

system is based. 

3.2.1.1 Definition of a Fuzzy Set 

Since a fuzzy set deals with uncertainties which arise when the boundaries of a class 

of objectives are not sharply defined, it can be defined mathematically by assigning to 

each possible element in the universe of discourse a value representing its grade of 

membership in the fuzzy set. This grade corresponds to the degree to which that 

element is similar or compatible with the concept represented by the fuzzy set (Klir 

and Folger, 1988). The following example from Kaufmann (1975) illustrates the 

above ideas: 

Consider a finite set with six elements: 

E={x1, x2, x3, x4, x5, x6} and let 

A={ X2, X3, X5) 

and let XA(X, )=0, JA(X2)=1, JA(X3)=1,9A(X4)=0, JtA(X5)=1, LA(X6)=0 to represent A by 

accompanying the elements of E with their characteristic function values: 

A= { (X i, 0), (x2,1), (XS, 1), (x4,0), (XS, 1), (X6,0) } 

Now if this characteristic function may take any value in the interval [0,1], an element 

xi of E may not be a member of A (µA=O), could be a member of Aa little (µA near 0), 

may more or less be a member of A (µA neither too near 0 nor too near 1), could be 

strongly a member of A (µA near 1), or finally might be a member of A (µA=1). In this 
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manner the notion of membership leads to the concept of a fuzzy set. Its mathematical 

expression is: 

A={(x110.3), (x210), (x310.5), (x411), (X510.8), (x610)} 

where x; is an element of the reference set E and where the number placed after the 

bar is the value of the characteristic function for the element. 

A formal presentation of the fuzzy set theory is as follows (Chak et al., 1998): 

Let xEU and let S be a subset of U, then 

" µ(x): U-> [0,1] is called the membership function which represents the degree 

of x belonging to the subset S; 

"U is called the universe of discourse; 

9 The fuzzy set A is defined to be a set of ordered pairs A={ (x, u(x)) I xE S, 

SCU}; 

The membership function is denoted by PA(x) for the fuzzy set A; 

The support of a fuzzy set A denoted as Asup is the crisp set of all points x in 

U such that µA(x) > 0. A fuzzy set A whose support Asup contains a single 

point x in U with UAW=1 is referred to a fuzzy singleton. A fuzzy set A whose 

support Asup is the universe of discourse U with u(x)=1 is referred to as a 

fuzzy universe. 

In Novak's (1989) definition, fuzzy set is a function: 

Let U be a class called the universe. It can be the universal class of all sets. Let I= 

(L, v, A, 1,0) be a lattice where 1 is the greatest and 0 the smallest element. This 
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lattice represents the scale of membership grades in a fuzzy set. In most applications it 

is supposed that L= (1,0). Then the fuzzy set A in the universe U is a function: 

A: U -*L. 

The function A is usually called the membership function of the fuzzy set A. To each 

element xE U is adjoined an element AxEL called the membership grade of x in the 

fuzzy set A. If Ax=O then x does not belong to A. If Ax=1 then x belongs to A. If 

Ax#0,1 then x partly belongs to the fuzzy set A. 

The relevant notations of the above definition are: 

1. Structure: A structure is a set together with a collection of operations and 

relations (in general, n-ary). A pair ( A, <_ ) is called a partially ordered set, 

where A denotes the set. 

2. The smallest element in a partially ordered set A is an element o(=-A such that 

o-<x holds for every xEA. The set A is well ordered if every non-empty subset 

has a smallest element. 

3. Let set B cA. Then an upper bound of B is an element mEA such that y_<m 

holds for every ycB. A lower bound of B is an element oEA such that oSy 

holds for every yE B. The least upper bound is called the supremum 

sup (B)= ýax 

And the greatest lower bound is called the infimum 

inAf (B)=sex 
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4. A lattice is a structure (A, V, A) where v, A are two binary operations in the set 

A which are called join (supremum) and meet (infimum) respectively. A lattice 

is complete if each of its non-empty subsets has a supremum as well as 

infimum. The greatest (smallest) element of the lattice (provided it exists) is 

called the unit (zero) and is denoted by 1 (0). The lattice (A, V, A, 1,0) is 

complementary if to every xEA there is an element x'EA such that xA x'=0, x 

v x' =1 hold true. 

Let AcU be a fuzzy set, then we have some definitions as following: 

" The support of fuzzy set A is a classical set 

Supp (A)={x: Ax # 0}, 

which is utilised in the calculation of `Maximizing Set' (see Section 3.2.3.2). 

" The a-cut of the fuzzy set A for the given aEL is a classical set 

Aa={x; Ax Aa=al ={x; a<_Ax}. 

In the operation of fuzzy numbers addition and multiplication, the method of 

a-cuts form connected intervals of membership function and transforming the 

corresponding operation to manipulation with edges of the intervals (see 

Section 4.5.5). 

9 The kernel of the fuzzy set A is a classical set 

Ker(A)={x; Ax= 1), 

which is an important concept for the definition of linguistic modifiers (see 

Section 3.2.2.2). 
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3.2.1.2 Fuzzy Binary Relations 

An ordinary binary relation on a set U is a subset of UxU. 

Let R be a relation on U, then R: UxU->{0,1 } and the relation R on U is (Nguyen & 

Walker, 1997): 

9 Reflexive if R(x, x)=1; 

o Symmetric if R(x, y)=1 implies R(y, x)=1; 

" Transitive if R(x, y)=R(y, z)=1 implies R(x, z)=1; 

" Antisymmetric if R(x, y)=R(y, x)=1 implies x=y. 

Many other properties of a relation are defined in terms of these. For example, R is an 

equivalence relation if it is reflexive, symmetric, and transitive. To generalise 

relations to fuzzy relations is just that of going from subsets to fuzzy subsets. If R is a 

fuzzy relation on a set U, then R: UxU-x[O, 1], and the relation R is: 

" Reflexive if R(u, u)=1; for `d(u, u)EUxU; 

" Symmetric if R(u, v)=R(v, u) for `d(u, v)E UxU; 

9 Transitive if R(u, w)_R(u, v)AR(v, w) for V u, v, w EU, u#v: #w; 

" Anti-symmetric if R(u, v)>O and R(v, u)>O imply u=v, 

for `d (u , v)E UxU, u*v. 

There is another definition that relaxes the restrictions above by introducing a 

threshold parameter p (Tazaki & Amagasa, 1979): 

Let p be a real number given on the semi-open interval (0,1], then the relation R is 

called: 

" fuzzy reflexive, if R(u, u)_p, for V(u, u)E UxU; 

" fuzzy irreflexive, if R(u, u)<p, for `d(u, u)E UxU; 

9 fuzzy symmetric, if R(u, vp_p, and R(v, u)? p, for Vu, vE U, (u: Av); 
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" fuzzy asymmetric, if either R(u , v) or R(v , u)< p, for Vu , vE U, (u#v); 

9 fuzzy transitive, if R(u, w)>v, [R(u, v)AR(v, w)], for V(u, v), (v, w) (u, w), u, 

v, wEÜ, u#v#w; 

" fuzzy semi-transitive, if R(u, w)_v, [R(u, v)AR(v, w)] >_ p, for V(u, w), (u, v), 

(V, W)E UXU, u;, --v#w. 

If a system object is S={sl, s2, ..., s�}, a fuzzy subordination matrix A can be 

constructed to represent a fuzzy subordination relation among the elements of S on 

the basis of a certain contextual relation: 

A=[a, j ], i=1,2,..., n 

where A is a square nxn matrix and the element a; j of A is given by the fuzzy binary 

relation fR as follows: 

aIj =fR(si, sj), OSaIj <_1, i, j=1,2, 
..., n 

This shows the extent of s; is subordinated to sj. A parameter p is introduced as a 

threshold to show that the extent of subordination is greater than a certain grade. The 

value of p must be on the semi-open interval (0,1]. This idea forms the basis of the 

Fuzzy Structural Modelling (FSM) method employed in the prototype decision- 

making system. 

3.2.2 Fuzzy Linguistic Expressions 

The concepts related to linguistic expression include linguistic variables, linguistic 

hedges (linguistic modifiers), linguistic approximation, linguistic quantifiers etc. Only 

linguistic variables and linguistic modifiers are discussed below as they are employed 

in the development of the prototype decision-making system. 
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3.2.2.1 Linguistic Variables (Zadeh, 1975) 

In general, a linguistic variable is a variable whose values are words or word 

expressions called terms. Their meanings are fuzzy sets in some universe. For 

example, age, height, truth, temperature are linguistic variables, whose values (terms) 

can be young, tall, false, or low respectively. 

Any variable is determined by a triple (X, U, R(X)) where X is the name of the 

variable, U is a universe and R(X) is the range(boundary) of the variable X which is a 

subset of U, R(X U. For example, IQ is a variable attaining values in the universe 

U=N and R(IQ)={ 1,2, ..., 100}. N represents the set of natural numbers here. 

If the boundary R(X) of the variable X is a fuzzy set in U, i. e. R(X) c U, then X is a 

fuzzy variable. This boundary is characterised by the property that every xE U is a 

value of X only to some degree. A linguistic variable is a special type of variable. 

Zadeh (1975) introduced the concept of linguistic variables as follows: 

A linguistic variable is characterised by a quintuple denoted by (X, T (X), U, G, H), 

where X is the name of the variable, T (X) is the term set of X whose elements are 

labels of linguistic values of X. U is an universe, G is generally a grammar for 

generating the names of X. H is a semantic rule for associating each term, r1E T (X) 

with its meaning H (. 4) c U. 

In general terms, the semantics of a linguistic variable yield a mapping, 

M: T(X)--* F (U), 

that assigns to each term of T (X) a corresponding fuzzy set in U; F (U) denotes a 

family of fuzzy sets defined in U. 
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3.2.2.2 Linguistic Modifiers (Novak, 1989) 

The adverbs such as very, more or less, roughly, slightly etc. are very often used in 

natural language because using them we can specify the meaning more closely. For 

example, `very good result', `rather complicated operation' specify what is referred to 

in more detail. The meaning of a linguistic modifier m is a pair of functions: 

M(m)=<ým, um>> 

Where ý,,, : U-p U (universe) and v,,, : L-> L is a function fitting a lattice Z. 

Let term T be a syntagm whose meaning induces an ordering in the universe U, let 

M(, 4) =A cU and let m be a linguistic modifier with M(m)=<«,,,, v,,, >, then the meaning 

of the expression n is a fuzzy set in U given by: 

M (nL4) = v,,, "A"C ,,, 

where `"' denotes the composition of functions. 

In membership degrees, 

M( ºrf) x=v,,, (aý,,, (x)) for every xE U 

where atm(x) is the membership degree of the element ým(x)E U in the fuzzy set 

A=M(, 4). The function v,,, is usually defined by means of several special functions 

fitting z: 

Concentration: CON((x)=a"a, a(=-<0,1> 

Dilation: DIL((X)=--CON(cc), c L, "-, "denotes negation 

Intensification: INT((x)=((-, CON((x)--)CON((x))A(X)v(-, CON(-n(x)©-, CON(-ia)), 

aE L. 
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The linguistic modifiers employed in the development of the system can be 

introduced by extending the above definition, which assumes that MT is a syntagm 

with the meaning M (, g) =AcU, denoted by: 

/ 
inf(Ker(A)) for, 4positive 

XEU 

Sý - Approximate centre of Ker(A) for ,4 zero 

sup(Ker(A)) for, 1negative 
XEU 

" The modifier very: 

This is the most often used modifier whose meaning is defined as ̀ Concentration': 

Vvery(a)=CON(a), aE L 

_{y, 
y<_x, if, l is positive, or, 4 is zero and x_<s,, ýVery(x)- 

y, yam, if, 4is negative, or. 4is zero andx? s,, 

y=Cvery(x) is determined by the kernel of A. 

When UcR (real number), A is convex, 

cvery(x)=x+(-1 )kd. IlKer(A)I I, 

k=1 for. 4positive/zero and xSs,, 

k=2 for, 4 negative/zero and x>-: s,, 

IIKer(A)II is the length of the interval (inf(Ker(A)), sup(Ker(A))) and d 

is a parameter, experimentally estimated as 0<d<_0.5. 

The membership function curves of the modifier very are depicted in Fig. 3.1, in 

which dotted lines represent the membership function curves of the linguistic 

variable with very. It is shown that the membership degrees are concentrated and 

the membership function curve is shifted to right or left when 4 is a positive or 

negative syntagm respectively in figure (a). Figure (b) shows that if .4 is a zero 

syntagm then its kernel is made narrower. 
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III (a) 

Fig. 3.1 Membership Function Curves of the Linguistic Modifier very (Novak, 1989) 

" The modi fier more or less 

This modifier is regarded as the inverse to the modifier very. Its meaning is given 

below: 

- aE L=< 0,1> v,,,,,., ,,, r��(a)=DIL((1)=? a-a7 

v>>- if, 4is positive, or, 4is zero andx<_. ti,,, 
ýninrr 

., r Ic (-v)= 

'<x if, 4is negative, or f is zero and 
When UcR (real number), 

cve,.,. (x)=. v+(-I )A d. IIKer(A)ll, 

k=1 for., 4 negative/zero and x>_s,, 

k=2 for, 4positi ve/zero and x<_s, -., 
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" The modifier highly acts similarly to very but concentrates more intensively. The 

function ý/tlg/t1y has a similar form to Very. 

Vizigiziy(a)=a"a-a a(=- L 

ýi 
igily(X)=bvery(X) 

" The modifier roughly 

This modifier acts weaker than more or less does and the meaning of roughly is 

the `dilated' meaning of more or less: 

vrous,, iy((X)=DIL(DIL(a))=-a4+4a3-6a2+4a aE L=< 0,1> 

roughly is similar to more or less- It is supposed that troughly ginore 
or less for 4 positive 

and croughly :5 cmore 
or less for. 4negative. 

" The modifier rather 

This modifier is considered in an intensive sense and its meaning is given as an 

intensified concentrated membership function: 

uradier(a)=INT(CON(a))=(2a4Aa2)v(-2a4+4a2-1) c <0,1> 

crather=1 U 

" The modifier not 

This modifier is regarded as negation: 

unoc(a)=-, (a) LE <0,1> 

ýnot=1 U 

The membership function curves of modifiers more or less, highly, roughly, rather for 

a zero syntagm A are depicted as (a), (b), (c), and (d) respectively in Fig. 3.2. It is 

evident that the kernel of .4 becomes narrower in (b) (highly), wider in (a) (more or 

less) and (d) (roughly), and mainly narrower in (c) (rather). 
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M(M) 

(c) 

(b) 

MroughlyA) 

M(A) 

(d) 

Fig. 3.2: Membership Function Curves of Modifiers more or less, highly, rather, and 

i-oiiglhly for a Zero Syntagm (Novak, 1989) 

3.2.3 Important Operational Principles 

The operational principles discussed below are adopted for the operation on fuzzy sets 

in the development of the prototype decision-making model. 

3.2.3.1 Utility 

The general concept of utility in the standard decision analysis paradigm can he 

presented as the following (Sage, 1992): 

It is assumed that a set of' fcasihlc options A=(ai, 
..., a,,, ) and a set (Xi, ..., X�) of' 

criteria or evaluators of the options can he identified. Associated with eich option or 

course of action a in A, there is a corresponding consequence X1(a), X, (a), ..., X�(a) 
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in the n-dimensional consequence space X= X1, X2, ..., X,,. The decision-makers' 

aim is to choose an option a in A so that the maximum pleasure with the consequence 

(Xl(a), ..., X�(a)) results. It is always possible to compare the values of each X; (a) for 

different options; however, in most situations, the magnitudes of X; (a) and XX(a) for i 

not equal j cannot be meaningfully compared since they may be measured in totally 

different units. Thus, a scalar-valued function defined on the criteria (X1, ..., Xe), 

which allows comparison of the options across the criteria, is needed. A real-valued 

utility function U is used to achieve the above function. A primary interest in multi- 

criteria utility theory is to structure and assess a utility function of the form: 

U[X1(a),..., X�(a)] = f{Ui[X1(a)], ..., U,, [X,, (a)] } 

where U; is a utility function over the single criterion Xi and f aggregates the values of 

the single criterion utility functions so that the scalar utility of the options can be 

computed. 

The utility function can be defined in many ways. The definition of utility adopted in 

the development of the prototype system, which is based on Novak's (1989) 

approach, takes into account various degrees of importance of criteria and grades of 

options by the criteria. 

Let C1, ..., C,,, be criteria with weights wl, ..., w,,, respectively, let the scores of each 

alternative a; EA (i=1,2, ..., n) be judged by a number rj E R(real number) from each 

criterion Cj, j=1,2, ..., in, then the total utility of the alternative a; from all the criteria 

Cj, j=1,2, ..., m is: 

m 
ui= Yix'J'r. 

J=º 
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In the case that r; ý and the weights wj are expressed in natural language, the utility 

value u; is a fuzzy set. The aim of the method adopted in this research is to construct a 

fuzzy set of the best alternatives for a decision-making group. 

Given the linguistic variables (Score, T(Score), (0,1), G, HG), (Importance, 

T(Importance), (0,1), G, HG), the set of alternatives A={a;; i=1,2, ..., n}and criteria 

C1,..., C,,,. The score of an alternative a; from the criterion Cj is judged using a 

linguistic expression 3 ET(Score) with the meaning M(&) c (0,1). The weight of 

the criterion Cj is judged using a linguistic expression' E T(Importance) with the 

meaning M( Wj )c (0,1). Then the total utility is a fuzzy set 

Z; =IM (5 . M(ýii) 
i=I 

where the sum and the product of fuzzy sets are computed using the extension 

principle, which is described in Section 3.2.3.3. In addition, the fuzzy set of the best 

alternatives can be constructed using a maximising set, which is adopted in this 

research. 

3.2.3.2 Maximizing Set (Novak, 1989) 

The maximizing fuzzy set is a simple tool to compare all the alternatives and establish 

the fuzzy set of the best alternatives. It is constructed by finding maximal element 

xmax in the universe such that its membership to some of the considered fuzzy sets B; 

is non-zero. The detailed definitions are as follows: 

Let B1, ..., B� cR be fuzzy sets and let x>O hold at least for one element 

n 

xE Supp(u B; ). Then the fuzzy set Mc R given by the membership function 
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(x )k 

Mx = Xmax 

0 

n 

If xE Supp(u B; ) 
i=l 

otherwise 

n 

where xmax = v{x; xE Supp(u B; )} and kE N is the maximising set on the fuzzy sets 
i=l 

Bl,..., Bn. 

Let M be a maxising fuzzy set on the utility fuzzy sets Z; of all the alternatives a; E A. 

Then the fuzzy set A; = Z; nM takes into account all the alternatives. The fuzzy set of 

the best alternatives is A cA and is given by the membership function: 

Aa; = Hgt (A) 

for each a; EA and Z� where Hgt stands for `Highest'. 

3.2.3.3 Extension Principle 

The extension principle is fundamental for translating set-based concepts into their 

fuzzy-set counterparts and, essentially, is used to transform fuzzy sets via functions 

(Pedrycz and Gomide, 1998). The definition below is based on Klir and Folger 

(1988): 

The extension principle provides the means for any function f that maps points x1, x2, 

..., x� in the crisp set X to the crisp set Y to be generalized such that it maps fuzzy 

subsets of X to Y. Formally, given a function f mapping points in set X to points in set 

Y and any fuzzy set AE P(X), where 

A=µilxi+µ2/x2+... +[ln/xn, 

The extension principle states that 

j(A) =J(µ//xi + 92/x2 + ... + µn/xn) 

and P stands for the extension principle, 

= µ1/ftxl) + 921J(82) + ... + Rn/. tx»)" 
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If more than one element of X is mapped by f to the same element yE Y, then the 

maximum of the membership grades of these elements in the fuzzy set A are chosen 

as the membership grade for y in J(A). If no element x(=-X is mapped to y, then the 

membership grade of y in f(A) is zero. 

Novak (1989) expands the principle for transforming a classical addition and product 

operation into their counterparts on fuzzy set: 

Let *: UxU -4 U be a binary operation on U and A, BcU. Then the extension of `*' 

on the fuzzy sets A, B is the fuzzy set C=A*B with the membership function 

v{ AxABy; x, yE Uandz=x*y } foreveryzE U 
Cz =<0 otherwise 

Where `*' can be the operation of product `"' or addition `m'. This definition is used 

in the computation in Section 4.5.5. 

3.3 Principles and Advantages of Fuzzy Systems 

3.3.1 Principles 

Fuzzy systems, based on fuzzy sets and fuzzy logic, can be used for different kinds of 

purpose such as modelling, prediction, classification, and control in the field of 

systems science (Chak, 1999). In terms of the dependency between fuzzy systems, 

fuzzy logic, and fuzzy sets, Kosko (1997) describes as follows: fuzzy logic refers to a 

fuzzy system or a mapping from input to output that depends on fuzzy rules; the rules 

in turn depend on fuzzy sets or vague concepts that depend on fuzzy degrees of truth 

or set membership. The fuzzy system is a function or mapping. 
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To describe a system, there are basically two approaches - structural and 

behavioural. The first method describes the system from the viewpoint of its inner 

structure and aims to find principles leading to the emergence of new properties of the 

system as a whole, while the latter describes the system by means of its outer tokens, 

i. e. using some measurable parameters whose values change in time (dynamic). The 

parameters are usually divided into inputs, outputs and states (Novak, 1989). 

Accordingly, a fuzzy system is a dynamic system using fuzzy sets and based on the 

following principles: 

1. It contains sets of inputs 

2. It has sets of outputs 

3. The states of the system can be represented 

4. It possesses a transition function (system dynamics) to derive every new state 

of the system affected by the new input parameter 

S. It possesses an output function to derive every new output generated by every 

new state of the system. 

6. An initial state should be given in the system. 

3.3.2 Advantages 

In the above principles, the input, output and the state as well as the transition 

function and output function must be determined exactly and unambiguously. If, 

however, the real system is full of uncertainties or too complex then it might be not 

possible. Thus generally, there are four situations that lead to fuzzy sets (Klir & 

Folger, 1988, Dubois & Prade, 1988, Novak, 1989): 

1. The real system is described only verbally. 
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2. The equations describing the system behaviour are there but the parameters 

cannot be exactly defined. 

3. The equations describing the system are too complex to be cleared up and it is 

more reasonable to formulate a verbal description based on them. 

4. The real system is uncertain or imprecise and one can only estimate linguistic 

rules for the description of its behaviour. 

In these situations, fuzzy systems are able to cope with the difficulties and have the 

following advantages: 

1. Fuzzy systems have natural language semantics and linguistic variables. 

2. Measures of fuzziness have been established in various aspects, such as 

measures of dissonance/consensus, measures of confusion and measures of 

non-specificity. The development of membership functions has enhanced the 

successful application of different measuring methods of fuzziness in practice. 

3. In fuzzy algorithms, ambiguous and vague instructions can be interpreted and 

executed freely. 

4. The evaluation and ranking of objects can be done by the use of fuzzy set 

theory. This particularly leads to the development of the decision-making 

theory. 

5. Heuristic searches can be conducted in an imprecise environment, such as 

imprecise evaluations and fuzzy values. 

With so many advantages, fuzzy systems have been widely applied in practice while 

exploratory researches are still going on. 
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3.3.3 Disadvantages 

Fuzzy set theory has been developed from several points of view, of which the studies 

on the general algebraic structure of fuzzy sets are mostly based on the notion of t- 

norm (Pedrycz and Gomide, 1999, Novak, 1989). However, in the studies, there has 

been a lack of a unifying framework and the approaches do not present a lucid 

understanding of the subject. Similar situations are found in fuzzy logic especially 

where various kinds of implication-like operations are studied (Nguyen and Walker, 

1997). Fuzzy set theory and fuzzy logic need a well-founded theory with powerful 

results 

3.4 Fuzzy Set Applications 

Since Zadeh coined the concept of fuzzy sets in 1965, there have been a number of 

applications of fuzzy sets and fuzzy logic to a variety of fields including psychology, 

engineering, economics, medicine, sociology, genetics, artificial intelligence, 

meteorology and decision-making. 

3.4.1 Applications in Other Industries 

As the purpose of the application of fuzzy set theory is to reduce complexity and deal 

with uncertainty, fuzzy set theory is applicable in any field in which issues of 

complexity arise. The successful research applications of fuzzy set theory are diverse 

and widespread. It is only intended to refer to some practical examples in other 

industries here, which are no means exhaustive, including medicine, social science, 

engineering and management/decision making. 

65 



3.4.1.1 Medicine 

Imprecision and uncertainty play a large role in the field of medicine, which has 

become one of the most active areas of application for the theory of fuzzy sets. Within 

this field, it is the uncertainty found in the process of diagnosis of disease that has 

most frequently been the focus of these applications. Applications in medicine go 

back to the early 80s: examples include the applications presented by Adlassnig (1982, 

1986), by Gupta et al. (1984), by Asse et al. (1987), and by Maeda et al (1987). 

A type of approach to modelling the medical diagnostic process utilizes fuzzy cluster 

analysis (Esogbue and Elder, 1983). The technique of clustering examines the 

elements of some universal set and groups them according to similarity. Thus, 

elements grouped in one cluster are similar to each other and dissimilar to the 

members of other clusters. Since the boundaries of these clusters are not precisely 

defined, each cluster is a fuzzy set in which the grade of membership of any element 

indicates the similarity of that element to other members of that cluster. Any 

particular element can belong with varying degrees to several different clusters. 

In another approach presented by Cohen and Hudson (1992), fuzzy set theory is 

applied to develop a pattern recognition system, which is useful to classify diverse 

types of medical data. The experimental application of the system, including the 

diagnosis of bacterial infection, detection of liver and spleen disorders etc., showed 

that the fuzzy-based approach produced more accurate results than conventional 

methods. 
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3.4.1.2 Social Science 

The various social sciences have been active areas for the application of the 

mathematics of uncertainty and information. The applications of fuzzy set theory 

include explorations within psychology and cognitive science of concept formation 

and manipulation, memory and learning, as well as studies in the fields of sociology, 

economics, ecology, meteorology, biology, and others (Klir and Folger, 1988). 

In the fuzzy associate memory systems developed by Kosko (1992), fuzzy set theory 

is used to provide an alternative to traditional AI expert-system knowledge 

representation and inferencing. Fuzzy set theory is also utilised to facilitate reliable 

and efficient communication, e. g., in COMEX- an autonomous fuzzy expert system 

for tactical communication networks (Schneider et al. 1992). Fuzzy set theory and 

fuzzy logic are increasingly applied in various areas in social life; examples include 

recognition of faces, speech reproduction from text, onboard satellite navigation 

systems, validation of written signatures and checks, real-time process visualisation, 

servo control, prediction of lightning strikes, loan eligibility prediction, credit-card 

fraud detection, stock market prediction, and domestic appliances, among many 

others (Kartalopoulos, 1996). 

3.4.1.3 Engineering 

A wide spectrum of applications is contained in the literature, ranging from civil 

engineering and architecture to automatic control and robotics. In a broad sense, 

engineering applications involve goals to be achieved under technical, economical, 

and social constraints. Steps must be taken to develop solutions in situations where 
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the criteria for choice are not always as certain as they are wished to be (Pedrycz, 

1998). 

Fuzzy control is the most developed area of application of fuzzy set theory in 

engineering; and fuzzy controllers commonly control engineering artefacts that take 

advantage of fuzzy sets and rule-based systems in particular. Industrial processes 

have made use of automatic control in lieu of or in addition to a human operator since 

the 1980s, such as the fuzzy logic traffic controller developed in Japan by 

Nakatsuyama et al. (1984), and the fuzzy autopilot controller designed and 

implemented by Larkin (1985), which demonstrated good results when tested on a 

flight simulator. Research on practical applications of fuzzy theory has been active. 

Take recent approaches for example; the study conducted by Hopgood et al (1998) is 

in the electronic engineering field, and focuses on Plasma processing units, which are 

used for depositing coatings on the surface of electronic or mechanical components 

and are controlled by a blackboard system employing fuzzy logic (Algorithmic and 

Rule-based Blackboard System, ARBS). In the mean-value-based functional 

reasoning scheme presented by Watanabe and Tzafestas (1998), conclusions consist 

of a function of mean values on each membership function in the antecedent; and 

some fuzzy-based controllers are developed by using the scheme. 

Various models and methods have been developed for use in different engineering 

fields. The novel image sensor presented by Sarkodie-Gyan et al. (1997) is for 

continuous conditioned monitoring of high-precision tolerances of a complex 

automotive product. In the approach, a novel mechanic-optical arrangement was 

designed and validated to capture the images/silhouettes of the components based on 
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an approximate reasoning architecture. In the additive fuzzy system developed by 

Pacini and Kosko (1997), fuzzy IF-THEN rules are adopted to detect noisy signals in 

an uncoded digital communication system. 

Another area of application of fuzzy set theory is computer science, which may also 

be classified as engineering. It has been developed quite extensively, particularly in 

those endeavours concerned with the storage and manipulation of knowledge in a 

manner compatible with human thinking. This includes the construction of database 

and information storage and retrieval systems as well as the design of computer-based 

expert systems (Klir & Floger, 1988). Many studies focusing on this field have taken 

place in recent years and the outcomes are fruitful. In the electronic market for 

decision technologies proposed by Bhargava et al. (1997), modern information 

networks offer a solution to the problems that restrict the use of decision technologies. 

Cappetti and Santoro (1998) presented a computer visualisation application for fuzzy 

evaluation of windscreen wiper systems that must satisfy several requirements. Some 

requirements were modelled using fuzzy sets in the application. In the KBS 

(Knowledge-Based System) based on the hierarchical knowledge model designed by 

Murlidharan (1999), it is shown that knowledge modelling facilitates the acquisition 

of knowledge that is vague and uncertain. The KBS has the flexibility to handle the 

uncertainties using probabilistic and fuzzy set approaches depending on the nature of 

uncertainty. In the optimum design method for large-scale structural systems 

developed by Ohkubo and Dissanayake, (1998), fuzzy membership function 

technique is used to deal with relative evaluation of all objective functions. This 

example addresses dealing with fuzziness during a decision-making process, which is 

another application area discussed in the next section. 
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3.4.1.4 Management and Decision-Making 

Decision-making process is of key importance in the area of management for 

functions such as inventory control, investments, personnel actions, new product 

development, allocation of resources, and many others. Applications of fuzzy sets 

within the field of decision-making have consisted of extensions or `fuzzifications' of 

the classical theories of decision-making. Fuzzy decision-making theory attempts to 

deal with the vagueness or fuzziness inherent in subjective or imprecise 

determinations of preferences, constraints, and goals (Klir & Folger, 1988). 

Research has been conducted on the measures of the degree of consensus in group 

decision-making since the 1980s (Spillman and Spillman, 1987, Kacprzyk, 1987). It 

was shown that the theory of fuzzy sets could also effectively incorporate professional 

judgement in the decision-making process; where a fuzzy exponent was required 

because the assessment of the relative perceptiveness of individuals is non-crisp 

(Chameau et al., 1987). Considerable progress has been made in the application of 

fuzzy sets to this field in recent years. For instance, the study focusing on the steel 

materials selection problem by Chen (1997) developed a new method for solving the 

problem under fuzzy environment, where the importance weights of different criteria 

and the ratings of various alternatives under different criteria are assessed in linguistic 

terms represented by fuzzy numbers. In the non-numeric method for pair-wise fuzzy 

group decision analysis proposed by Marimin et al. (1997), the preference relations 

are expressed and processed non-numerically. The proposed method is suitable for 

group decision-making cases in which a full consensus is the most important role in 

selecting the alternative. 
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Decision support systems have interested many researchers and have been developed 

for use in business or different industry divisions, such as the decision support system 

developed by Kuo & Xue (1998) for sales forecasting through fuzzy neural networks 

with asymmetric fuzzy weights. For practising industrial engineers, Vlacic et al. 

(1997) proposed an algorithm that can support the process of group decision-making 

relating to industry automation, especially involving the selection of control and 

instrumentation equipment. 

Several decision support systems have also been developed for the construction 

industry (Moore et al, 1997, Wanous et al., 2001). However, there are very few 

applications that address the use of fuzzy set theory in decision-making. The next 

section introduces general applications of fuzzy set theory in construction. 

3.4.2 Applications in Construction 

The use of fuzzy set theory in construction has been developed to treat many 

complex and uncertain problems. Ross (1988) made an effort of particular relevance 

to structural engineering. It is a difficult process to assess what the damage to a 

structure from any disturbance is like, as the information needed to make a damage 

assessment with high confidence is often incomplete and involves uncertainty, 

particularly when the uncertainties encountered include both random and non-random 

data. Ross (1988) summarised the damage assessment process for protective 

structures by discussing all the kinds of information available for the problem and the 

inherent uncertainty. He particularly addressed the use of information and its 

associated uncertainty to reach conclusions about damage through an approximate 

reasoning approach. 
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Fuzzy set theory is used in the assessment of the probability of failure of a protective 

structure and in dealing with subjective information in another application in 

structures (Wong et al., 1987). It was proved that fuzzy set theory could represent 

those non-crisp and judgmental data existing in the description of damage to a 

structure more realistically than using classical methods. Studies on the application of 

fuzzy set theory have been making progress in more recent years. Examples include 

applications in constructing reliability measures for the cases when both load and 

resistance are fuzzy (Shrestha and Duckstein, 1998) and an application dealing with 

the reliability assessment of reinforced and prestressed concrete framed structures 

(Biondini et al., 2001). 

Expert, or so-called knowledge-based, systems have been increasingly developed in 

recent research projects in construction. Many of these now include approaches based 

on fuzzy set theory. Examples in this respect include the fuzzy controlled genetic- 

based search technique for structural shape optimisation investigated by Soh and 

Yang (1995), the network scheduling method based on fuzzy set theory presented by 

Lorterapong and Moselhi (1996), the linguistic approach to 2D geometric modelling 

of hierarchical systems developed by Lakmazaheri and Edwards (1997), and the fuzzy 

logic-based, risk-incorporating approach to evaluating new construction technology 

presented by Chao and Skibniewski (1998). 

In the work of Soh and Yang (1995), an automated optimal procedure based on the 

proposed approach was developed and used in the least-weight design of truss 

structures, which included their geometry as a design variable to be optimised. To 

increase the performance of the genetic-based approach for shape optimisation 
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problems, the design constraints relating to member stress, joint displacement, and 

member buckling were designed using fuzzy set theory. A fuzzy rule-based system 

representing expert knowledge and experience is incorporated in the approach to 

control the optimal search process. 

The method developed by Lorterapong & Moselhi (1996) aims to provide schedules 

that can appropriately account for the nature as well as the type of uncertainties 

normally encountered in construction projects. The method incorporates a number of 

techniques to facilitate 

" the representation of imprecise activity durations; 

the calculation of scheduling parameters; 

0 the interpretation of the fuzzy results generated. 

The approach of Lakmazaheri and Edwards involves defining geometry linguistically 

and then generating the geometry from its linguistic definition via logical deduction in 

a logic-based CAD system. The evaluation method of Chao and Skibniewski (1998) 

intends to produce consistent evaluation of available options, according to a set of 

user-defined linguistic rules that state the priorities in a given project scenario. This 

approach actually is designed to tackle the uncertainties existing in the process of 

evaluating construction technology alternatives. 

Explorations of the application of fuzzy set theory on construction management issues 

have also been made, for instance, studies concerning risk in construction. 

Jablonowski and Standard (1998) suggested a framework for the conceptual analysis 

of risk using fuzzy set theory, and described a potential application to the safety 
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monitoring of civil engineering to demonstrate the benefits of the fuzzy risk analysis. 

The membership function of fuzzy set theory is also effectively applied in the fuzzy 

approach developed by Lin (1998), which solves non-structured problems, such as 

risky investment problems for engineering projects. However, fuzzy set theory has 

also been applied in studies concerning other management issues. Examples include 

the framework for evaluating design project performance described by Fayek and Sun 

(2001), the hierarchy fuzzy method for studying rapid transit system contracting 

model developed by Shieh and Ku (2001). 

From the foregoing, it can be seen that the application of fuzzy set theory in 

construction is still relatively new. This leaves the uncertainties and imprecision 

existing in many practical aspects during construction process unresolved and there 

are gaps that need to be filled, which also represent new opportunities for the 

development of fuzzy set theory. 

3.4.3 Application Gaps and Opportunities 

Through the above review of previous work, it is evident that fuzzy set theory has 

proved to be very useful in the engineering field. Some successful applications in 

construction also abound with the approach being used to address practical problems. 

There are also some applications in the decision-making field. However, particularly 

in the construction area, there exist many decision-making situations but very few 

effective decision-making tools. In a project team, there are usually several members 

all of whom need to be effective team players within a concurrent engineering 

framework. In making decisions, project team members have different perspectives, 

or biases, on the same issue and their opinions can conflict with one another. In other 
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words, the personalities and professional or cultural background of the individuals 

involved often have a great part to play and may result in sub-optimal decisions being 

made. Thus a decision-making system that is able to provide an objective and rational 

framework is needed when collaborative decisions are being taken by virtual 

construction project teams. This is what this research aims to address. In particular, it 

is intended to develop a collaborative decision-making tool that: 

" is generic and applicable to a wide range of group decision making scenarios; 

" is Web-based and able to facilitate decision-making by members of a 

geographically distributed project team; 

" does not require the knowledge about the decision-making issue to be 

encapsulated within it (as is the case with most conventional knowledge-based 

or decision support systems). 

None of the existing tools incorporates these three features. 

3.5 Summary 

The original concepts and key principles associated with fuzzy set theory have been 

reviewed in this chapter. It is proposed that fuzzy set theory has undoubted 

advantages for tackling the uncertainties and imprecision that occur in many 

environments that conventional systems cannot handle. Fuzzy systems are 

increasingly being applied to the solution of a variety of problems, including 

engineering and non-engineering applications. Engineering applications are many but 

specific applications in the construction sector are few compared to other industry 

sectors. In many cases, these are limited to the structural engineering domain. There is 

much potential for the application of fuzzy systems in construction, and there are 

opportunities particularly in collaborative decision-making. The next chapter explores 
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the potential for the application of fuzzy systems to collaborative decision-making in 

construction. 
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CHAPTER 4 

CONCEPTUAL MODEL OF THE PROTOTYPE SYSTEM 

4.1 INTRODUCTION 

The focus of this chapter is the underlying conceptual model behind the development 

of a prototype decision-making system for collaborative project teams. This is 

presented after a discussion of the reason for the use of fuzzy set theory in 

collaborative decision-making. Different current approaches are also introduced 

briefly and analysed. The fundamental principles of concurrent engineering and group 

decision-making are taken into account as the basis of the system while fuzzy sets 

theory is applied to address the uncertainties and imprecision during the decision- 

making process discussed in the earlier chapters. The representation of the model is 

done using a paper-based example. 

4.2 FUZZY SET THEORY IN COLLABORATIVE DECISION MAKING 

4.2.1 Why Use Fuzzy Set Theory in Collaborative Decision Making? 

As stated previously, more and more decisions in construction project teams are made 

in a collaborative environment, based on an integration of all team members' views. 

The diversity of the team members' views, which often have independent and 

conflicting objectives with inherent technical, political, or budgetary constraints, 

introduces a high level of complexity to the decision-making process. The disparate 

priorities of different disciplines are usually expressed in fuzzy linguistic terms, 

which cannot be quantified with traditional methods. Most of the existing group 
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decision-making methods are based on crisp concepts that are weak in handling 

imprecise and vague information. This was confirmed by the pilot survey undertaken 

at the early stages of this research project, which showed that: 

9 There exist many conflicts between different professionals during collaborative 

decision-making process in the construction industry; 

" Most of the survey respondents are often involved in group decision-making and 

collaborate with other disciplines at the various stages of a construction project; 

" Few of the survey respondents use any tools/techniques to support the decision- 

making process. The vast majority do not use IT in their decision-making 

processes; 

9 In project decision-making, the contributions from all disciplines are not equally 

weighted. There is a lack of appropriate mechanisms for aggregating the views of 

decision makers, taking adequate account of the relative importance of the 

decision makers in relation to the specific decision issue being addressed. 

" There is a lack of effective techniques to cope with the disharmony and 

uncertainties in the views of the project team participants. In particular, there is 

inadequate support for distributed team members and for the use of linguistic 

variables to express preferences; 

" The sometimes unhealthy influence of the personalities of the particular 

individuals contributing to a decision; 

" Decision-making in situations where the decision alternatives and the associated 

decision criteria and considerations are ill-defined; 

A blank questionnaire for the pilot industry survey is attached in Appendix 2. 
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According to Pena-Mora et al (1996), fuzziness is a measure of how well an instance 

(value) conforms to a semantic ideal or concept. Fuzzy sets are actually functions that 

map a value that might be a member of the set to a number between zero (value is not 

in the set) and one (value completely representative of the set) indicating its actual 

degree of membership. Accordingly fuzzy set theory can be applied, in a decision- 

making tool that is applicable to a variety of decision-making scenarios, to handle 

fuzziness and imprecision in the evaluation of decision alternatives. 

4.2.2 Existing Approaches 

Table 4.1 lists the key features of 3 representatives of the major trends in applying 

fuzzy set theory (FST) to collaborative decision-making (CDM). 
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Table 4.1 Approaches using FST in CDM 
Characteristics spiration & Reservation Non-Numeric Method Linguistic Quantifier 

Level Method Method 
Propose Vlacic et al (1997), to Yager (1993), for multi- Kacprzyk et al (1992), to 

support group decision- criteria group decision- show how linguistic 
making relating to making quantified propositions 
industrial automation can be used in group 

decision-making 
Core Features " Assume that " Each decision maker " The fuzzy linguistic 

decision makers are evaluates each option on quantifiers represent a 
accustomed to thinking each criterion and assign fuzzy majority 
in terms of desirable or importance measure to " The linguistic 
acceptable values of each criterion in quantified proposition is 

various performance linguistic scales used to state a truth 
measures " The scales are " The fuzzy set 
" Rationalise criteria essentially a linear `Property' is used to 
using FSM (see 4.5.3.2) ordering represent the degree of a 
" Decision makers " Taking the negation truth, especially for each 
specify their aspiration on the linear scales member in whole group 
levels and reservation " The method to find " The fuzzy preference 
levels for each criterion the unit score of each relation between team 
" `Dominant option only involves members are given by 
weighting factors' are max, min, and negation membership function 
defined to score criteria " In the technique for " 'The core' method is 
" Use a parameter to combining the whole used to find the options 
express the achievement group's evaluation, it is that not defeated in pair- 
of the object value of an assumed that each wise comparisons by a 
option for a certain decision maker has the required majority 
criterion same importance 

" Combine rankings " The technique is 

using 'the fuzzy Choquet based on ordered 
Integral' method weighted averaging 

(OWA) (Yager, 1988) 

Advantages Suitable for decision Allows for the requisite Relatively natural at 
environment where there aggregations and avoids presenting the degrees of 
are commonly a number numeric operations consensus within a group 
of objectives that have by the use of fuzzy 
`objective values'. This majority 
method can trade off the 

values of the objective 
functions. 

Disadvantages " The assumption is " Relations between " This method does 
not always practical. the linguistic scales that not concern any multi- 

Too much numeric human beings reasonably criteria issues in group 
parameters, definitions, manage are more decision-making 

and input operations complex than simple " No efforts made to 
" It often happens that linear order deal with the different 
the ̀ objective value' s " Only involving max, importance of decision 
are unknown. min, and negation team members 

operation would ignore 
the effect of intermediate 
values 
" In practice, decision 
team members are not 
always equally weighted 
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The proposed model that is presented below intends to overcome the disadvantages of 

the existing approaches listed above. It has made a particular effort to tackle the 

different weightings of decision team member issue and aims to deal with multiple 

criteria. The model also utilises linguistic variables, and linguistic modifiers to make 

the ranking scores closer to reality. The membership function operation in the model 

attempts to avoid too complex numeric calculations but maintains reasonable 

precision in characterising and aggregating results. The Fuzzy numeric addition and 

multiplication operation conducted in the model employs a-cut, extension principle 

etc fuzzy set theory fundamentals, rather than pure linear comparison. 

To rationalise the raw criteria generated by the decision team members, the FSM 

method employed in the `Aspiration & Reservation Level Method' in Table 4.1 is 

adopted. The model has also adapted and developed some ideas from the application 

of fuzzy sets theory explored by Novak (1989), which is described in more detail in 

Section 4.5.4 and Section 4.5.5. 

4.3 ASSUMPTIONS IN DEVELOPING THE MODEL 

In the development of the collaborative decision-making model, it was assumed that: 

1. There is a chairman, who is in charge of organising the decision-making 

process, in a collaborative project team. This person is probably the project 

manager and he/she himself/herself does not participate the decision-making. 

In the context in this chapter, `chairman' is used to refer to this person. 

2. Before decision-making starts, the decision options have been defined and the 

team members have had full details of these options. 

3. The chairman knows who is supposed to take part in the decision-making. 
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The overall architecture of the prototype system is presented below. This is the final 

version, which builds on the two earlier versions described in Yang and Anumba 

(1999); and Yang and Anumba (2000). 

4.4 OVERALL ARCHITECTURE OF THE SYSTEM 

Fig. 4.1 shows the general structure of the proposed collaborative decision-making 

system, which is composed of two major parts: project server part and project client 

part. The project server is run on the computer of the chairman assumed earlier and it 

is developed as Java application system later on. The client part is operated on project 

team members' PCs or wherever the Internet is available. The Web links the two parts 

together. The whole decision-making process is initiated on the server side by the 

chairman, who has the initiating form to complete. The data saved in the server after 

the initiating form has been completed then starts the client system. The project team 

members can access the client system via the Web, get the necessary information, and 

then submit their inputs to the server via the Web. The data transportation from the 

server to the client system takes place four times during the whole decision-making 

process. But the data transportation from the client system to the server happens 4xn 

times if there are n members in the decision-making team. 

In terms of what sorts of data are transported, Fig. 4.2 gives a flowchart, in which 

`decision issue, options, members, etc' is identified in the `initiating form' mentioned 

above. To generate and transport other data in the flowchart, a number of steps need 

to be followed. These are described in detail below. 
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Clients 

Note: DM=Decision Maker 

Fig. 4.1 The Architecture of the Proposed Model 

4.5 COLL BORA'I'IVE DECISION MAKING STEPS 

To demonstrate the proposed system's working process, a practical decision-making 

scenario could he like this: m decision makers need to determine a preferred one out 

of n alternatives that are rated in the light of r criteria. Let 

Decision makers d; ED (i=1,2, 
..., m) 

Alternatives skES (k=1,2, ..., n) 

Criteria ticT (j=1, ?,..., r) 

Where D, S, T is the sets of decision makers, alternatives, and criteria respectively. 

4.5.1 Identify Decision Options 

Besides the decision issue and decision options, the user of the server part of the 

system (the chairman) also needs to provide other information such as project title, 

project location, decision-making start date and it list of potential decision makers' 
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roles in the project team. The individual participants will confirm this when they 

supply input later on. 

Derision issue. Options. members. etc 

Gathered clQ ratiunaliicd critcria 

Generated Criteria 

Comparative values of decision 

makers' weight 

Derived absolute wwcioht & relative 
weight of decision makers 

Contribution degree values 
between criteria 

Determined interaction matrix between 

criteria & Selected criteria used for 

ranking options 

Determined the membership function cif 
options in the best option set and 
Recommended best option 

Decision-Making Server Part 

Importance values of selected 
criteria & Rankings of decision 

options by selected criteria 

Decision-Making Client Part 

Fig. 4 
.2 

The Data Transportation between the Server and Client System 

4.5.2 Assign Weights to Decision Makers 

The members of a project team are usually from various disciplines with either equal 

or different weightings, which depend on status, and relevance of the decision issue to 
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each member's discipline/work. `Weights' Gi (where i=1,2,..., m) are used to specify 

the weightings of team members. 

To determine the voting power of all the participants, the first Web-based form is 

given to every member to make pair-wise comparisons between all decision makers 

including him/herself with respect to the specific issue being decided. In rating 

comparisons, there are four preferences to choose from: major, medium, minor, no 

preference, which have assigned scores of 4,3,2, and 1 respectively. Where there is 

no preference, the score for each decision maker is taken as 1 (ICE, 1996). For each 

decision maker, the raw score (absolute weight) is calculated through: 

G; (a)=Ewi i=1,2, ..., m 

where wi is the weighting score for the ith decision maker obtained after a single team 

member's comparison. 

The relative weight is derived by setting the highest decision maker's weighting as 10 

and, calculating the proportional weights of the other decision makers: 

G; (r)=Gi(a)/G; (a)max* 10 

By simply averaging the scores G; ( a) and Gi (r) provided by all team members, the 

relative importance of all the disciplines can be established. 

4.5.3 Select Criteria 

4.5.3.1 Generate and Gather Criteria 

Decision makers give three top criteria that they consider necessary from their own 

perspective. After all the team members have submitted the Web-based form for 

specifying criteria, the server system collects all the inputs. Some criteria may have 

the same meaning but expressed differently. Thus the chairman needs to rationalise 
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the list of criteria to avoid duplication. The number of raw criteria will vary 

depending on the specific situation. In order to reduce the complexity of criteria and 

find which ones to use in evaluating the alternatives, the system rationalises the 

criteria using a part of the Fuzzy Structural Modelling (FSM) method (Amagasa & 

Vlacic, 1993). This is described below. 

4.5.3.2 Rationalise Criteria 

Two groups of data shown in Fig. 4.2 are obtained through `rationalise criteria': 

`Contribution degree values between criteria' and `determined interaction matrix 

between criteria & selected criteria used for ranking options'. 

Step 1: In order to facilitate the construction of the hierarchical structure of criteria, a 

matrix F; (i=1,2, ..., m) is formulated by describing the relationships between criteria 

using fuzzy binary relations as follows: 

Ill f12 flj fin 

f21 f22 f2J f2n 

F, _ . 
ffl f12 fu fin 

LJ 
nl 

fn2 '** 
Inh '"" � nn 

Where the fij shows to what degree the criterion tj contributes to criterion t;, and 0Sfj 

<_ 1. For describing the degree to which one criterion contributes to another, four 

linguistic scores are given to the team members: `completely contributes', 

`contributes very much', `contributes a little', and `no contribution'. The 

corresponding numeric gradings are 1,0.7,0.4, and 0 respectively. Some intermediate 
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marks between the four grades can also be used according to the decision makers' 

judgements. Since the team meeting is `virtual', the matrix elements are determined 

by weighted averaging of all the members' contribution: 

m 
fj(1) " G(1 ýaý 

G(1) 
(a) 

(i)ýI 

Where f j(i) represents the value of the element f, 1 given by the ith decision maker, and 

G(i) ( a) is the absolute weight of the ith decision maker. 

Step 2: Modify F; so as to satisfy the fuzzy irreflexive law, the fuzzy asymmetric law 

and the fuzzy semi-transitive laws. A threshold parameter p is introduced to determine 

the relationship `whether or not the criterion contributes to another one'. This is called 

the structure parameter, which assures the flexibility of the system structure. The p 

must be a real number and be given on the semi-open interval (0,1]. The complexity 

of the system structure depends on the value of p. If p increases, the number of 

relationships between criteria will decrease, until the system structure becomes a 

simple one. It is suggested to give the value pE [0.3,0.5] after practical applications of 

the algorithm (Tazaki & Amagasa, 1979, Amagasa & Vlacic, 1993, Vlacic et al, 

1997). In this system, the value of p is determined to be 0.4. The p determines if a 

criterion is qualified to be one of the major factors used to evaluate the decision 

options. The criteria contributing more than p to others, and to which others 

contribute less than p will qualify. Also, the criteria contributing less than p to others 

and to which others contribute less than p will be selected. The reason is explained in 

Step 3. 
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Step 3: Determine the group level of the criteria. The criteria are grouped under 4 

level sets: the top level set L1, the intermediate level set L;, the bottom level set Lb and 

the isolated level set L; S. These level sets are respectively defined as follows: 

nn 
I,, -{ t; v fj; <pvf; j } 

i=1 i=l 

nn 
, ={t;, lf; j<pý lfj; 

} 

v f; j >_ p, v fj; 
_ P) 

L; S={t; 
I v f; j <p, v fj; <p} 

i=º rj 

Where v represents `maximum'. Each element of the top level set is not subordinate 

to anyone but has someone subordinated to itself. Each element of the intermediate 

level set is subordinate to anyone and has someone subordinated to itself. Each 

element of the bottom level set is subordinate to someone but has nothing 

subordinated to itself. Each element of the isolation level set is not subordinate to 

anyone, and has nothing subordinated to itself. If a criterion were subordinate to 

another, it would also be considered/included to a certain degree when another is used 

to rank decision options. This degree is determined by the p value. Thus the criteria 

classified in the intermediate level set and the bottom level set would not be grouped 

with the major factors in evaluating the decision options. However, the criteria in L 

and Li are not subordinate to anyone and they should be considered to be the major 

factors. 

4.5.4 Assign Importance to Selected Criteria and Rank Options by Them 

The criteria selected through the last step are given importance values and the 

decision options are ranked in terms of each of these criteria, both in fuzzy linguistic 

expressions. 
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4.5.4.1 Assign a Measure of Importance to Each of the Criteria. 

Decision makers are required to rate the importance of the criteria that are used in 

evaluating the alternatives using natural linguistic expressions. Five linguistic scores 

are given for the ranking: `highly important', `very important', `important', `not very 

important', and `low importance'. With the linguistic variable definitions stated in 

Section 3.2, if 

M(important)=Ox/x, then 
x=0 

1 
M(highly important)= Ox3 /x 

x=0 

M(very important)= 6x2 /x, 
X=o 

1 
M(not very important) = M(less importance)= U (2x - x2 /x 

x=0 

M(low importance) = M(roughly unimportant) 

i 
_ ýJ(-x4 +4x3 -6x2 +4x)/x 

x=0 

This step allows decision makers to minimise the influence of criteria that they did not 

consider important, by assigning them a low weighting. 

4.5.4.2 Rank Options by Selected Criteria 

This step is included in the last Web-based form for team members. The form is 

intended to enable each selected criterion to be used in evaluating each decision 

option, in effect answering the question "how good is the option on this criterion? " - 

An answer may be selected from the following linguistic rankings: Excellent (E), 

Very Good (VG), Good (G), Neutral (N), Poor (P), Very Poor (VP), and 

Unacceptable (U). Based on the fundamental theories reviewed in Chapter 3, if 

M(good) =U (2x -1) / x, then 
x=o. 5 
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M(very good) =Ü (2x -1) 2/x 
x=o. 5 

M(excellent) = M(very very good) =Ü (2x -1)3 /x 
x=0.5 

M(neutral) = M(less good) 

_ O(2(2x-1)-(2x-1)Z)/x= ýJ(-4x2 +8x-3)/x 
x=0.5 x=0.5 

M(poor) = M(not good) =Ü (1- (2x -1)) /x=Ü (2 - 2x) /x 
x=o. 5 X=o. 5 

M(very poor) = M(roughly poor) =Ü (2 - 2x)2 x 
x=o. 5 

M(unacceptable) = M(rather poor) = 
O(2- 

2x)4 /x 
x=o. 5 

4.5.5 Determine the Fuzzy Set of the Best Options by Each Decision Maker 

This involves the calculation of utility function and the multiplication and addition of 

fuzzy numbers, using the method of a-cut and extension principle. 

As defined earlier, a linguistic variable is characterised by a quintuple (see Section 

3.2.2.1). Given 

  Linguistic variable ( score, T(score), (0,1), G, MG ), 

  Linguistic variable (importance, T(importance), (0,1), G, MG), 

  The set of alternatives S= {sk; k=1,2, ..., n} and 

  Criteria ti, ..., tr. 

the scores of an alternative Sk from the criterion tj (j=1, 
..., r) is judged using a 

linguistic expression RkJ E T(score) with the meaning M (Rki) c (0,1). The weight of 

the criterion tj is judged using a linguistic expression w; (=- T (importance) with the 

meaning M (wj) C (0,1). Then the total utility is a fuzzy set 
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N_ 

r 
Zk= EM(wj)"M(RkJ) 

! =1 

Where the sum and the product of fuzzy sets are computed using the extension 

principle mentioned in the earlier chapter (Section 3.2.3.3), 

A' B=V a"(A' B)a = Ua'"(Aa ' Ba ) 
a=o a=o 

I 
A+B = Ua. (A+ B)« = Ua. (Aa + Ba) 

a=o a=o 

To complete the computation, there are four steps to be carried out: 

9 Divide A and B into increasing parts AL, BL, constant parts Ac, Bc (if they exist), 

and decreasing parts AR, BR. 

9 Choose 6 points co = 0, col, ..., cis =1 in the interval (0,1) and construct a discrete 

representation for each part of A and B, e. g. 

AL=i(ýýIXýL, 
..., 

IIXnLI, 

AR=I IIXIR, 
..., 

o/XnR} 

Compute CL= AL. BL, Cc = Ac * Bc, CR = AR. BR, 

CL, c = AL * Bc, CCL = Ac * BL, CRC = AR * Bc, and CCR = Ac* BR as follows: 

CL= {w11 (X1L*y1L), w2/ (X2L*Y2L), 
..., 

1/ (XnL* ynL)} 

Where xiL E Supp (AL) and y; L E Supp (B) and so on, `. ' denotes the operations 

of addition or multiplication. 

" Compute C= CL v Cc t)CR U C1 U CCL U CRC U CCR 

The operation method introduced in Section 3.2.3.3 is applied for the third step. There 

is a need for an extended explanation of the procedure for addition operation since it 

is more complex to add up non-decreasing set and non-increasing set, which were 

introduced by Prade & Dubois (1979). They further stated that the constant `part' 

between two non-decreasing ones belongs to the non-decreasing set. The constant 
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part', which is between 'parts' of' different kinds, belongs to both. An example is 

given here to illustrate how to Linionise the two parts. 

1 

0.8 

0.6 

0.4 

0.2 

)\B ý / B5 Y :ý =- 

ß, ß4 

6 

'i46/69 10 11 12' 11 14 15 16 17 

Fig. 4.3 Addition Operation Procedure of-Two Fuzzy Numhers (Pra(le & I)uhois, 

1979) 

Considcr the two fuzzy numbers A and B pictured on Fig. 4.3, the calculation of C= 

A O+ B, where O+ denotes the extended sum, is described as follow: 

First of' all, def inino non-decreasing set and non-increasing set. 

A: non-decreasing set (A,, A. A3) 

non-increasing set {A2, A3, A4} 

B: non-decreasing sct { Bi, B;, B4, B5) 
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non-increasing set {B2, B3, B5, B6} 

C; j denotes A; m B;, the Co's will be calculated in lexicographic order: 

C11= Al O B1; C F-- C1I 

C12 is not considered, because A, and B2 do not belong to the same kind of set. 

C13=A1 ED B3 

Perform C f- C11 U C13, the part of C13 between abscissae 11 and 12 is dropped. 

C14=A1 (D B4; 

C15 = Al O+ B5; 

C E- CvC14 

C E-- CvC15 

The part of C15 between abscissae 14 and 16 is dropped. C16 is not considered. 

C21=A2 m BI; C F--CuC21. 

The remaining part of C13 is dropped, the part of C14 between abscissae 12 and 14 is 

dropped, and so on. The result after the union is shown in the second half in Fig. 4.3. 

When the addition operation is performed in the computation of the utility fuzzy set, 

according to Prade & Dubois (1979), there are generally four typical cases to deal 

with. The other cases can usually be converted to these four. Transform the fuzzy set 

Zk = tM(w, )"M(RkJ) into 
; =i 

Zk. J = M(wj) " M(Rki), Zk. 2 = M(w2) " M(Rk2), ..., 

Zk. U-1) = M(wi-j) " M(Rk(j-i)), Zk. j = M(wj) " M(Rkj),..., Zk. r = M(Wr) " M(Rkr), 

Then the four cases are: 

1. When both Zk. O_l) and Zk. j are single `non-decreasing part's (or vice versa), 

their addition result looks like Fig. 4.4 (the values on abscissae are assumed, 

same below) 
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2. When Z4, ß_1, is single increasing and Ztij is non-increasing, their addition result 

looks like Fiýg. 4.5. 

3. When Zk(j_J, has all the three parts - increasing, flat, decreasing, Zk. j is single 

increasing, their addition result looks like Fig. 4.6. 

4. When /_k,, j_/) has all the three parts - increasing, flat, decreasing, ZZ,, j is non- 

increasing, their addition result looks like Fig. 4.7. 

Cl 

h 

Fio. 4.4 The Addition of Two Single Non-Decreasing Parts 
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Cl) 

h) 

Fig. 4.5 The Addition of Increasing and Non-Decreasing 

a) 
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h) 

Fig. 4.6 the Addition of 'Full' Part and Increasing Part 

/4 
1//ý 

O-t- 41 

fl o 1) lkj 

Ixoppccl uroppcu , 

............... 
_0.5 

0.5 1 I. 5 ? 2.5 3 

h) 

Fýiý. 4.7 'Flic Addition of '{'uII' Part and Non-Incrcasinz Part 
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After the above calculation on extended product and sum, the fuzzy set of the utility 

function of every decision option can be obtained. To find out which option is 

preferred one, it is aimed to establish a so-called ̀ fuzzy set of the best options'. The 

fuzzy set of the best options can be constructed using a maximising set. Let M be a 

maximising fuzzy set on the utility fuzzy set Zk of all the options sk E S, then the 

fuzzy set Sk = Zk nM takes into account all the options. The fuzzy set of the best 

option is given by the membership function 

SSk =Hgt (Sk) 

for each Sk ES and Zk. 

4.5.6 Combining All Decision Makers' Fuzzy Set of the Best Options 

The weighted average of each option's membership in all the fuzzy sets of the best 

options obtained by all the decision makers is: 

Si={Xli/sli, X2i/s2i, """ Xki/Ski, """ 9 Xni/Sni19 

Where xk; represents the membership of the option Sk in the fuzzy set of the best 

options obtained based on ith decision maker's input. Therefore, the fuzzy set of the 

best options combining all team members' opinions is S={ xi /s1 
9 X2 /s2, 

..., xk /sk, 
..., 

Xý /Sn } 

Xk; -G, (r) 
Xk 

G, (r) 

Where G, (r) is the relative weight of ith decision maker obtained in Section 4.5.2. 

Thus far, the collaborative decision making system has obtained a comparative 

evaluation of all the decision options and is now in a position to recommend the 

preferred decision option. 
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4.6 Example of How the Model Works 

An example of how the model can be used in practice is now presented. The decision- 

making issue is to select a suitable window for a wall. The scenario is that there are 

four decision makers (Client, Architect, Building Services Engineer, Structural 

Engineer) who need to determine a preferred option out of 3 alternatives. 

Tables 4.2 - 4.5 give the weights of decision makers assigned by every team member 

using pair-wise comparisons. Take Table 4.2 as an example, decision maker A is 

considered to be of minor preference to decision maker B, the comparison between A 

and B is given as A-2 in column B. Where there is no preference the score is written 

down in a letter-letter format (e. g. A-D in column D), and each letter is allocated a 

score of 1. Table 4.6 shows the weighting scores of the decision makers, including 

their raw scores and relative scores. The decision makers: client, architect, building 

service engineer, and structural engineer are denoted A, B, C, and D respectively. 

Table 4.2 Weights comparison (by A) 
BCD 

A A-2 A-3 A-D 
B B-C B-D 

C C-D 

Table 4.3 Weights comparison (by B) 
BC D 

A B-2 A-C A-D 
B B-3 B-2 

C C-D 

Table 4.4 Weights comparison (by C) 
BCD 

A A-2 A-C A-D 
B C-2 B-D 

C C-D 

Table 4.5 Weights comparison (by D) 
BC D 

A A-B A-2 D-2 
B B-C D-2 

C D-2 

-rah1 A6 The weighted scores of the decision makers 
Weighting Scores 

Decision Makers Client Architect BS Engineer Str. Engineer 
Client 6 2 2 3 
Architect 2 7 2 2 
BS Engineer 4 1 4 3 
Str. Engineer 3 2 1 6 
Total or G, (a) 15 12 9 14 
Relative weiht G, (r) 10 8 6 9.3 
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By collecting the four decision makers' submissions, the following 12 criteria for 

selecting the best window alternative are identified: 

ti: Energy conservation 

t2: Appearance 

t3: Entry of light 

t4: Easy to open and close 

t5: Can withstand vandalism 

t6: Initial cost 

t7: Maintenance cost 

t8: Easy to obtain material for window 

t9: Fire resistant 

t10: Effect on structural stability of wall 

tu: Effect on neighbours-reflection of light away from the house 

t12: Maintaining privacy of occupants 

For rationalising these criteria, the matrix shown in Table 4.7 is constructed to express 

the degree to which one criterion contributes to another. Considering the general case 

of the decision-making in the construction industry, the threshold parameter `p' is 

assigned a value of 0.4, which is the middle value of the suggested in Section 4.5.3.2, 

then the level sets are determined as follows: 

L={tI, t2, t4, t6, tlo}, 

L, = { t3, tg }, 

L={t5, t7, t9, tu 
, 

t12}, 

LIs=o 

Tables 4.8 - 4.11 are the selected criteria's importance and the ranking scores of the 3 

alternatives on the selected criteria, both in linguistic terms. The abbreviations in the 

forms are as follows: 
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E: Excellent; VG: Very Good; G: Good; N: Neutral; P: Poor; VP: Very poor; U: 

Unacceptable. 

Table 4.7 Matrix F; describing the relationship between criteria 
ti t2 t3 t4 t5 t6 t7 t8 t9 t10 tll t12 

ti 0 0.2 0.6 0 0 0 0.6 0 0 0 0 0 
t2 0 0 0.4 0 0 0.3 0.6 0 0 0 0.5 0.5 
t3 0 0 0 0 0 0 0 0 0 0 0 0 

t4 0 0 0 0 0 0 0.5 0 0 0 0 0 
t5 0 0 0 0 0 0 0.8 0 0 0 0 0 
tb 0 0 0 0 0.6 0 0 0.7 0.3 0 0 0 
t7 0.3 0 0 0 0.5 0 0 0.4 0.4 0 0 0 

tg 0 0 0 0 0 0 0 0 0 0 0 0 

t9 0 0 0 0 0 0.4 0.4 0 0 0 0 

t10 0 0 0 
1O3 

0.3 0 0.4 0 0 0 0 0 
0 0 0.5 0 0 0 0 0 0 0 0 

t, 2 0 0 0.6 0 0 0 0 0 0 0 0 

Table 4.8 Ranking of Criteria and Decision Options (by: Client) 

O tions ranking scores 
Criteria importance Option 1 Option 2 Option 3 

VI VG G P 

tZ I G N VG 
t4 I P G N 
tb HI VP G G 

t, o VI VG G P 

Table 4.9 Ranking of Criteria and Decision Options (by: Architect) 

O tions ranking scores 
Criteria Importance Option 1 Option 2 Option 3 

t, NVI G N N 
t2 HI N VG P 
t4 NVI E G N 
tb NVI G G VP 
too I VP G G 

Table 4.10 Ranking of Criteria and Decision Options (by: BS. Engineer) 

0 tion ranking scores 
Criteria Importance Option 1 Option 2 Option 3 

t, HI G G P 

t2 I P N E 

t4 VI VP G N 
t6 NVI G P VP 

t10 1 N G G 
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Table 4.11 Ranking of Criteria and Decision Options (by: Str. Engineer) 

O tion ranking scores 
Criteria Importance Option 1 Option 2 Option 3 

tl I VG N G 
t-) NVI N P G 
t, I P G N 
tb NVI N VG VP 
t, o HI G P VG 

After the utility calculations, the fuzzy sets of the best options from each decision 

maker's perspective are given as follows: 

Client: SA={0.8/sl, Use, 0.6/s3}, 

Architect: SB={0.8/sl, 1/s2,0.8/s3} 

Building Service Engineer: SC={0.6/si, 1/s2,0.8/s3}, 

Structural Engineer: SD={0.8/sl, 0.8/s2,1/s3} 

Combining the four opinions, the fuzzy set of the best option for all members of the 

decision making team is: 

S= { 0.76/s 1,0.94/s2,0.8/s3 19 

Hence, the option 2 is the recommended choice. 

4.7 Summary 

This chapter has discussed the conceptual model and functionality of the proposed 

decision-making model and its underlying assumptions. The functional and 

information steps of the model have been described in detail and a simplified example 

has been presented to show how the model can be applied in practice, as well as the 

implementation context of the model. The benefits and limitations of the model will 

be discussed in the Evaluation Chapter. The development of a prototype software 

system for the collaborative decision-making model is described in the next chapter. 
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CHAPTER 5 

DEVELOPMENT AND OPERATION OF THE PROTOTYPE SYSTEM 

5.1 INTRODUCTION 

This chapter describes the development and operation of the Web-based prototype 

system for collaborative decision-making. It includes the objectives, development 

environment, program organization, user-interface design, and key features of the 

system, as well as the approach adopted in writing the Java code. An example is 

presented to demonstrate the implementation of the prototype system in a computer- 

based environment. 

5.2 OBJECTIVES OF IMPLEMENTATION 

The prototype system is designed to facilitate collaborative decision-making within a 

virtual construction project team. It is intended to demonstrate the effectiveness of 

group decision-making using the Web-based system. The development of the 

decision-making system not only reflects the benefits of the implementation of 

concurrent engineering through IT but also manifests the applicability of fuzzy set 

theory to the construction management field. The specific objectives of the prototype 

system implementation are: 

1. To link geographically distributed members of a construction project team via 

the system for a collaborative decision-making process; 

2. To encourage objectivity and eliminate unhealthy behaviour in group decision- 

making; 

3. To deal with the imprecision and uncertainties in decision-making practice; 
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4. To demonstrate the applicability of the system to a range of decision-making 

scenarios. 

5.3 SYSTEM DEVELOPMENT 

5.3.1 Development Environment 

The tools selected for the system development were intended to facilitate 

functionality. The development of the system is based on this consideration. Details of 

the adopted hardware and software tools and the reasons for their choice are presented 

in the following section. 

5.3.1.1 Hardware 

Most decision-makers in the construction industry work daily with desktop or laptop 

computers. Thus, the target hardware for developing the system is a PC having access 

to the Internet. This enables the Client side of the Client-Server system to run. A PC 

that has the capacity for installing and running Virtual J++ is also needed to run the 

Server side of the system. 

5.3.1.2 Software 

As the Web-based prototype system aims to facilitate decision-making between 

members of a distributed project team, the first choice language for the system was 

Java. Java was formally introduced in May 1995 and it has been popular in the 

computer industry since then because of its high effectiveness on the World Wide 

Web (Ablan et al, 1997). The Web-based approach makes the system accessible 

wherever an Internet connection is available. JavaScript was not appropriate for the 
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system since a considerable amount of mathematical computation concerning fuzzy 

sets theory is carried out in the system. In JavaScript, objects are built in but are not 

classes and cannot use inheritance. Java is object-oriented and everything in it is an 

extensible class that can use inheritance. This makes Java is far more competent for 

developing the system than JavaScript. Another shortcoming of JavaScript is that 

there are few libraries of standard code with which to build a system. A comparison 

between Java and JavaScript is contained in Table 5.1. 

Table 5.1: Comparison Between JavaScript and Java (Weber, 1999) 

JavaScript Java 

Code is interpreted by client (Web browser). Code is compiled and placed on server before 
execution on client. 

Object-based. Objects are built in but are not Object-oriented. Everything is an extensible class 
classes and cannot use inheritance. that can use inheritance. 
Data types need not be declared (loose typing). Data type must be declared (strong typing). 
Runtime check of object references (static Compile-time check of object references 
binding). (dynamic binding). 
Restricted disk access (must ask before writing a Restricted disk access (levels of access set by 
file). user; cannot automatically write to disk). 
Scripts are limited to Web browser functionality. Compiled code can run either as a Web applet or a 

standalone application, 
Scripts work with HTML elements (tags) Can handle many kinds of elements (such as 

audio and video). 
The language is rapidly evolving and changing in Most major changes are complete. 
functionality. 
There are few libraries of standard code with Java comes with many libraries bundled with the 
which to build Web applications. language. 

With regard to the Java applications used by the chairperson of a virtual construction 

project team, an FTP server was selected to install in the PC that runs the applications. 

FTP is used to send and retrieve files, which means that, the application user can 

download the data submitted by the team members via the Web-forms from the server 

and upload the aggregated information to the server. The part of the system used by 

the team chairperson is developed using Java applications instead of Applet- 

embedded Web-forms based on the consideration that Java applications do not need to 

be run within an external viewer. A Java application can be executed directly using a 
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Java interpreter. Therefore, the calculation carried out on the chairperson's PC would 

be subject to minimal interruption. The development language utilized in the system is 

Visual J++ as it was considered to have right graphical user-interface components so 

that it would he easier to create user-interfaces for the system. 

5.3.2 System Organization 

The system is organized into a Server side and a Client side. The Server side contains 

five Java application classes, which support five application forms and six text 

document classes. The text documents supply readable explanations when users want 

further information on the decision-making process. The Client side includes four 

applet classes and four HTML classes, which support four Weh-forms. A File 

Transport Protocol (FTP) class is used to download and upload files tram/to the server 

and it serves both the server side and client side. The system Organisation is shown in 

Fig. 5.1. 

I1i'ML 
('lasses 

Application 
Classes 

rP. Server. P. 
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Client 

iApplet 
('lasses 

Text 
Documents 

Fig. 5.1: System Organisation 

5.3.2.1 Server Side 

Application Classes 

The five Java application classes were edited, compiled and debugged within visual 

J++. A Wank form with a standard menu can he created by following the wizards in 
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the toolkit. The application classes work closely with the FTP server class. They all 

start by choosing ̀ debug/start' in the menu of Visual J++. 

The first application class allows the information given by the users to be collected 

and sent to the server. The information includes project title, project location, 

decision-making issue, decision maker number and list, decision option number and 

list and decision-making start time. 

When the second application class is initiated, it sets all the decision makers' role 

names in separate fields; and reads and displays the criteria saved in the server after 

running WebForml. The class also allows the criteria rationalized by the user to be 

sent to the server after the user clicks the appropriate button. 

Application class three traces the list of decision makers and displays it when it is 

initiated. The class downloads the sum of weightings of each decision maker by every 

team member after running WebForm2, in columns (see next section, user interface), 

and calculates the absolute weights and relative weights of each decision maker and 

saves them into the server before the user exits the class. 

When the fourth application class is initiated, it reads and displays the criteria list 

saved in the server after running the application class two. The class, not only when it 

is initiated, traces the values of contribution degree between the criteria saved by 

every team member after running WebForm3, but also averages the values from team 

members' different weightings and displays the values. This is a rather time- 

consuming calculation process and it normally takes 30 seconds. The class selects the 
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criteria used to evaluate decision options according to the averaged values using FSM 

(see Section 4.5.3.2) and saves the criteria to the server before the user leaves the 

class. 

When the fifth application form is initiated, the class has the following information to 

trace from the server: 

9 The importance scores of each criterion used to evaluate decision options 

ranked by each team member, saved into the server after running WebForm4; 

" The rankings of each decision option using each criterion, which is determined 

by applet class four, by each team member, saved into the server after running 

WebForm4; 

9 The relative weightings of each team member saved into the server after 

running application class three; 

. The decision option list saved into the server after running application class 

one. 

With the above information, the class carries out all the operations on fuzzy set theory 

described in Sections 4.5.5 and 4.5.6; then displays the fuzzy set of the best options 

and the optimal decision option as its final output. 

Text Document Class 

The text document class is actually included in the help menu of every application 

form. It allows the user to open six text documents that describe the tasks of the six 

decision-making steps (see Section 4.5) by choosing `Help/Decision-Making Steps' in 

the menu of each application form. The design of the class is intended to help users 
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understand the whole process of collaborative decision-making and beware which 

step is being undertaken. 

5.3.2.2 Client Side 

HTML Classes 

The guidance for completing the four Web forms was developed within an HTML 

environment. Four HTML classes were used to design the content, font size, 

background colour etc. of the guidance texts of the four Web Forms. The texts are 

displayed as `readable only'. The forms were set up on the Web through the four 

HTML classes and also, each HTML document had an applet inserted in it as an 

element. 

Applet Classes 

The four applet classes were edited using Symantec Visual cafe and then were moved 

to Visual J++ for compiling and debugging. This was because creating applet forms 

using Visual Cafe was more efficient. The Web forms can be run when compiled 

applet classes and HTML classes are put in the root drive of the author's PC. 

The first applet class reads and displays the information saved after running 

ApplicationForml, using text boxes (see `User Interface') in Webforml. The 

information includes project title, project location, decision-making issue, decision 

maker number and list, decision option number and list and decision-making start 

time. Team members select their roles in the decision maker list as their ID for 

submission. The class also sends the three criteria given by each team member to the 

server after the user clicks the ̀ Submit' button. 
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The second applet class traces the list of decision makers from the server and displays 

it. The class requires the team member to specify his/her index in the list and record it 

as his/her ID when he/she submits inputs. The class gets the pairwise comparison 

values of decision-makers' importance and calculates the weightings assigned to each 

decision maker; and sends the weightings to the server. 

When the third applet is started, its class recalls the criteria list saved in the server 

after running ApplicationForm2. The class also recalls the decision maker list, in 

which each team member selects his/her role as his/her ID for submission. The class 

records the degree to which each criterion contributes to others, as specified by each 

team member and sends the degree values to the server. 

When the fourth applet is started, the class reads and displays the following 

information in the server: 

" The criteria used to evaluate decision options determined after running 

ApplicationForm4; 

" The decision options saved after running ApplicationForm1; 

" The list of decision makers; 

The information that the class sends to the server after the user clicks the `submit' 

button includes: 

9 The importance scores of each criterion used to evaluate decision options; 

" The rankings of each decision option using each criterion; 

" Team member's ID (selected in the decision maker list). 

109 



FTP Class 

The class configures the server onto the PC of the author and also specifies its 

directory, allowed user and password. The class closes the FTP connection after each 

download and upload, so a separate object is needed for each file downloaded or 

uploaded from or to the server. Since the same server data is still used, the class puts 

the creation of such an object into its own method, and then creates `download' and 

`upload' methods (see `Code Development'). 

The data-flow dependencies of the forms supported by all the above-mentioned 

classes are illustrated in Fig. 5.2. The arrows linking the forms indicate the 

information dependency relation between the forms. The form an arrow points to 

downloads the information saved in the server after running the form(s) from which 

the arrow is pointing. A form may need information saved by more than one 

preceding form. A form can only be initiated when all the necessary information is 

available. Details of the graphical design of these forms are described in the next 

section. 

5.3.3 User Interface Design 

In comprehensive Human-Computer Interface (HCI) design, design principles are 

specified adhering to three types - user-oriented, application-oriented, and computer- 

oriented (Treu, 1994). A selected set of user-oriented design principles is highlighted 

below as design guidelines for the system (Treu, 1994). 
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Fig. 5.2: Organization of Forms 

Note: ` Appl. Form' stands for Application Form 
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Table 5.2 User-Oriented Design Principles (Treu, 1994) 

Desirable Characteristic Intended Purpose 
Accessible To enable user interaction via the interface 
Aesthetically pleasing In colour, appearance, etc. 
Clear, concise In choice and meaning of vocabulary and other objects used 

in interaction 
Complete, comprehensive In functional capabilities, etc. 
Continuous In interactive behaviour, and output of changing objects 
Correctable When errors occur 
Facilitative Making it ease to use, learn, get things done 
Flexible In interface layout, devices, scrolling, etc. 
Organized or structured In interaction language, display layout, functions, state 

transitions 
Simple or simplified To avoid unnecessary complexity 

In order to implement the above design principles, the prototype system provides 

users with five application forms and four Web forms to perform a Web-based 

collaborative decision-making. The system's user-interface involves using both the 

mouse and/or keyboard as input devices. The application forms and the Web forms 

are briefly outlined below and are shown in use within Section 5.4.3 on System 

Operation. 

5.3.3.1 Application Forms' Menu 

Pull-down menus were generated by following the wizards in Visual J++ when a Java 

application form is created. The menus are defined just for some editing operation as 

the forms' flow is controlled by the `Client-Server' system. Users can find an 

explanation of every decision-making step, which is displayed in message boxes, 

through `Help/Decision-Making Steps'. The menu titles are self-explanatory and are 

easily selected using the mouse or keyboard. 

5.3.3.2 User Input and Interaction of the Application Forms 

To facilitate the data flow between the application forms and Web forms described in 

Section 5.3.2, the user-interface for input and interaction is designed based on the use 
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of forms, which facilitate the collection and display of textual and graphical 

information delivered during a decision-making process. 

ApplicationForml: uses single-line text boxes to contain the user's input such as 

project title, decision-making issue etc. It also displays current time using a timer box 

(users do nothing for the timer unless not current time wanted). Users must separate 

multiple decision-making roles and options with new lines in their multi-line text 

boxes; as the system cuts them off when a hard return is read. Two buttons were 

designed for user exit. The `Continue' button enables users to save the input to the 

server and leave the system while `Exit' does nothing but quits. A note is put at the 

bottom of the form to remind users to ensure that all decision makers complete the 

next Web form before they can start the next application form. 

ApplicationForm2: uses text boxes to display the list of decision makers and decision 

criteria obtained from the team members. The maximum number of decision makers 

was set at 10 for simplicity. Each multi-line text box contains the criteria collected 

from the team member in its corresponding single-line text box. It uses a big multi- 

line text box to contain the rationalized criteria. Likewise, the form also requires users 

to separate multiple criteria with new lines and provides two buttons for continuing 

and exiting. 

ApplicationForm3: uses single-line text boxes to display the list of decision makers 

but uses a matrix formed by 10x10 text boxes to display weightings assigned to each 

decision maker. The first column displays every decision maker's weighting assigned 

by the first team member; the second column displays every decision maker's 
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weighting assigned by the second team member, and so on. The system calculates and 

saves absolute weights and relative weights of team members when users click the 

`Continue' button. 

ApplicationForm4: uses single-line text boxes to display the criteria rationalized after 

running application form 2. The maximum criteria number was set to 15. The 

interaction matrix between the criteria, which is based on the average contribution of 

the whole team, is displayed in a 15x15 text-box matrix. The values in the first row in 

the matrix represent the degree to which the first criterion contributes to others; the 

values in the first column represent the degree to which other criteria contribute to the 

first criterion; and so on. The diagonal of the matrix should be empty. The `Continue' 

button leads to the operation of FSM and saving of the recommended criteria used to 

evaluate the decision options. `Exit' lets users quit the system without saving 

anything. 

ApplicationForm5: uses two multi-line text boxes to display the integrated fuzzy set 

of the best options and the recommended decision option. Users can leave the system 

after completing an entire decision-making process using the `Exit' button. 

Examples are used to demonstrate the system's user-interface in more detail in the 

section, `System Operation'. 

5.3.3.3 Guidance in Completing Web Forms 

All Web Forms are displayed and operated with the aid of a Web browser; hence no 

specialist menu is needed for operations/commands. Instructions are designed to guide 
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users to fill the forms in efficiently. The instructions are written in HTML and are 

arranged at the top of the each Web Form. The screen prints of the four Web forms 

are shown in Figures. 5.3 - 5.6. 

=ß1xJ 
File Edit View Favorites Tool. Help 

Back Stop Relresh Home Search Favorites History Mail Print Edit 

Address 4" hdtp,! %pe-cdhmy. 15c c accitAciebFormthtml Go Links ýý 

Instruction 

Pie as e spe 7I l y- u, n9e m the prü eCt uid Gvr ? top mteua you ti-md: recess wy Leave the lest text box empty 

Fig. 5.3: Instruction in `WebForm I' 

File Edd F_.: Nes Tcov, Help 

4- _1 : 
Back Stop Refresh Home Search Favorites Hiaoi-y ii 4. d Print E do 

Adress i. tý hup. //pccvhmy. IboroacukiWebForrrý2 him CJ Go Links " 

This form is for the unpoitonce comparison between the decision malteis u, hie tes n 

Each Decision Maker is represented by the notation DMIto DMn The preference of one decision maker over the other is indi rated using the 
following scores 

Major Preference assign score 4, Medium Preference: assign score 3; Minor Preference: assign score 2; No Preference assigns I to both 
decision makers 

To compare the relative preference of, say, DMI over DM2, do the following 

If DM1 is to be prefered to DM2, then enter the appropriate scote[4,3,2,1] in column DM2 row DM 1, 

IfDM2 is to be prefered to DM1, then enter the appropriate score{4,3,2,1] in column DM I row DM2; 

If DM 1 and DM2 are of equal preference, then enter value I in both column DM2 row DM i and column DM I row DM2 

Repeat the exercise for all the other decision makers until you have compared the relative importance of each one to the other When all the 

scores have been entered, click the button. Please leave the last text box empty 

Fig. 5.4: Instruction in 'WchForm2' 
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File Edit ''ieý, v Fa : ante> Tools Help 

,-... +ý -A 
ýi l3 ýr » 

Bark Stop Refresh Home _: arch Fav,: ce H, rcay Id5,1 Fant Eda 

Ayidress 2ý t ýnp %r- 
_ ann, IPA nu ac uk/WebForrn3 htrn v'Go Links » 

This form is for the selection of the criteria used in the foul options ron ong 

Each criterion is represented by the notation Cl to un 

The degree to which one criterion contributes to the other (e g satisfying C] also partly or fully satisfies C2) is indicated by the fotlowing 
scores (Numeric Grading): 

Completely contributes I Contributes very much 07 

Contributes fairly 0.4 No contribution 0 (or leave Blank) 

The threshold parameter P, which is assigned 0.4 in the system determines if a criterion is qualified to be one of the major factors used to 
evaluate the decision options The criteria contributing more than 04 to others, and to which others contribute less than 0.4 will qualify Also, 
the criteria contributing less thou 04 to others and to which others contribute less than 0.4 will be selected 

To specify the degree of contribution of, say, Cl to C2, do the following 

If Cl is contributing t. - r?, then enter the appropriate numeric score, using the gradings or choosing urdennedrate noasks between the four 
grades, ui column (='2 low Cl, 

IfC2 is contributing to Cl, then enter the appropriate numeric score in column Cl row C2, 

Repeat the exercise for all the other criteria until you have specified the degree of contribution of each one to the others When all the scores 
have been entered, click the . button Please leave the last text box empty 

Fig. 5.5: Instruction in 'WehForm3' 

FJe EdJ E rule: cool: Help 

Back Stop Rehesh Home Search Favorites History Mail Print Eýh 

A, jdres:. sý t-dip :; 'pc , ýýýI-ýrny lboro ac uk. 'webkorrrý4 hlrcý L- Go Links » 

This form is for ranking the optrons t-g the criteria selected through cntena : onttLIution deg, +e 

Choose one of the followutg 5 Lnguuüc scores for the raniang of decision cisteua 

Hl (Highly Important), VI (very Important), I (Important), NVI (Not Very Importenti, Ll rLow Impo, tam: ei 

Choose one of the followuig 7 linguistic grades for the innlang of decision options based on euch criterr n 

E(Excellent), VI)(VeryQood). G((jood), N(Neutral), P(Poor), VP(VeryPoor), U(Unaccepteblej 

Fig. 5.6: Instruction in 'WcbForm4' 
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5.3.3.4 User Input and Interaction with Web Forms 

The Web forms' user-interface for input and interaction is displayed when the 

relevant applet has been initiated. Following the guidance in each Web form, users fill 

in the form configured by its applet in either text or figures. After the user completes a 

form by clicking the `Submit' button at the bottom of each form, a message appears in 

the last text box of each form informing the user whether or not his/her submission 

has been accepted. 

_WebForm 
1uses five single-line text boxes to display project name, location, decision 

issue, decision-making start time, and number of decision makers. Decision options 

are displayed in a multi-line text box. All the above text boxes are non-editable. Users 

specify their roles in the project in a combo box (as ID for submission), which 

contains the list of decision makers. Users are required to specify three criteria in a 

text box, using a new line for each criterion. 

WebForm2: uses single-line text boxes to display decision maker list and allows a 

maximum of 10 decision makers. A matrix formed by 10x10 text-boxes is designed 

for the pairwise comparisons of weightings between team members, with the 10 

diagonal text-boxes non-editable. Another text-box allows team members to put the 

index of their roles in the decision maker list (as ID for submission). 

WebForm3: uses non-editable single-line text boxes to display the rationalized criteria 

(after running ApplicationForm2). The contribution degrees between the criteria, 

assigned by team members, are contained in a matrix formed by the 15x15 text-boxes. 
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A combo box that contains the list of decision makers is designed to identify the role 

of each team member (for submission ID). 

WebForm4: Ten single-line text boxes are designed to hold the criteria used to 

evaluate decision options, obtained after running ApplicationForm4. Another five text 

boxes display the decision options specified in ApplicationForml. A column of ten 

text-boxes allows team members to rank the importance of each criterion while 

another five columns of ten text-boxes allows team members to put the rankings of 

decision options based on each criterion, both in fuzzy linguistic expressions. The role 

of team members can be found in a combo box at the bottom of the form (for 

submission ID). 

The interaction part of all the Web forms can be seen when the system operation is 

illustrated using an example (Section 5.4.3). 

5.3.4 Code Development 

The system development was facilitated by the use of Visual J++ and Symantec 

Visual Cafe, which have automatic code generation capability. The codes generated 

automatically when both the application forms and the Web forms are created using 

Visual J++ and Symantec Visual Cafe are not listed here because of space. They carry 

out standard functions including displaying the menu, screen layout, and the built-in 

controls (e. g. edit box/text box, combo box, label) etc. Only the codes handling the 

major decision steps in the system are listed here and codes representing similar 

functions are not repeated. 
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5.3.4.1 Server side 

Text document class 

Listing 5.1 shows the explanation message in the first text document displayed in a 

message box, which is catalogued in `Help' menu bar in application forms. 

private void menuItem2_click(Object sender, Event e) 
{ 

try { 
com. ms. wfc. io. File flnputFile = com. ms. wfc. io. File. open("Text1. txt"); 
long nLength = flnputFile. getLengthO; 
MessageB ox. show(flnputFi le. readS tringCharsAnsi ((i nt) nLength)); 
flnputFile. close (); 

}catch(com. ms. wfc. io. IOException e2) 
{ 

MessageBox. show("File not opened properly\n"+e2. toString()); 
System. exit(1); 

Listing 5.1 Class for Displaying Text Document 1 

Application forms 

Listing 5.2 shows that, after users press the `Submit' button in `ApplicationForml', 

the information entered in the text-boxes is saved in the server. The information 

includes project title, project location, decision-making issue, decision-making 

starting time, decision maker list and decision options, and so forth. 

private void button4_click(Object source, Event e) 
{ 

int optionNumber=Value. tolnt(edit8. getText()); 
String optionLines[]=new String[optionNumber]; 

optionLi nes=ed it6. getLines(); 
String optionFileName[]=new String[optionNumber]; 

try ( 
Ftp. upload("page 1_title. txt", edit2. getTexto ); 
Ftp. upload("page 1_location. txt", edit3. getText()); 
Ftp. upload("page 1_issue. txt", edit4. getTextO ); 
Ftp. upload("pagel time. txt", (dateTimePickerl. getValueo ). toStringo ); 
Ftp. upload("page1_dmNumber. txt", edit7. getTexto ); 
Ftp. upload("page1_role. txt", edit5. getTexto ); 
Ftp. upload("pagel option. txt", edit6. getText()); 
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Ftp. upload("page I_opNumber. txt", edit8. getText()); 

for(int i=0; i<optionNumber; i++) 
{ 

optionFileName[i]="page 1 
_option"+i+". txt"; 

Ftp. upload(optionFileName[i], optionLines[i]); 
} 

catch (Exception cl) 
{ 

System. err. println(e1); 
e 1. printStackTraceO; 

} 
this. disposeO; 
Application. exitO; 

Listing 5.2 Class for Saving Information in `ApplicationForml' 

The codes in Listing 5.3 enables `ApplicationForm2' to be initiated and downloads 

the decision maker list and the criteria specified by all the team members completing 

`WebForml', from the server. The list of decision makers is displayed in the 10 

single-line text boxes and all the 3-line criteria collected from each team member are 

displayed in the corresponding text box. 

private void setRolesField(Edit edit, int role) 
throws java. io. IOException 

edit. setText(Ftp. download(role + ". txt")); 

private void setMultipleRoleFields(Edit[] edits) 
{ 

for (int i=0; i< edits-length; ++i) 
{ 

try { 
setRolesField(edits[i], i); 

)catch (java. io. IOException e) 
{ 

System. err. println("Role"+i+"failed to download"); 

private void readCriterialntoField(Edit edit, int index) 

throws java. io. IOException 

BufferedReader input =new BufferedReader(new 
j ava. io. StringReader(Ftp. download(index+"Form l 

. txt"))); 
String criteria[]=new String[3]; 

for(int i=O; i<3; i++) 
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criteria[i]=input. readLineO; 

edit. setLines(criteria); 

private void setMultipleCriteriaFields(Edit[] edits) 
{ 

for (int i=0; i< edits. length; ++i) 
{ 

try { 
readCriterialntoField(edits[ i], i); 

}catch (java. io. IOException e) 
{ 

System. err. println("Criteria "+i+" failed to download"); 

public Application_Form2() 
{ 

super(); 
//Required for Visual J++ Form Designer support 
initFormO; 

int teamSize=O; 
try[ 

teamSize java. lang. Integer. parselnt(Ftp. download("pagel_dmNumber. txt")); 
}catch(java. io. IOException ieo2) 
{ 

i eo2. p ri ntS tac kTraceO; 
}catch(NumberFormatException nfe) 
{ 

nfe. pri ntS tackTraceO; 

//download roles 
Edit edits! []=new Edit[] (edit l, edit2, edit3, edit4, edit5, edit6, edit7, edit8, edit9, edit I O, edit 11); 
Edit edits 11 []=new Edit[teamSize]; 
for(int i=O; i<teamSize; i++) 

edits II [i]=edits 1 [i]; 
} 
setMultipleRoleFields(edits 11); 

//download raw criteria raised by the team 
Edit edits2[]=new Edit[] {edit26, edit27, edit28, edit29, edit30, edit3I, edit32, edit33, edit34, edit35 }; 
Edit edits22[]=new Edit[teamSize]; 
for(int i=O; i<teamSize; i++) 
{ 

edits22[i]=edits2[i]; 
} 

setMul ti pleCriteriaFields(edits22); 

wordWrapMenu. setChecked(editText. getWordWrap ()); 
Application. addOnldle(new EventHandler(this. Application_Form2_Idle)); 

Listing 5.3 Class for Downloading List of Decision Makers and Criteria in 

`ApplicationForm2' 
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5.3.4.2 Client side 

The codes in Listing 5.4 enable ̀ WebForml' to download the information saved in 

the server after running `ApplicationForml'. The information, which includes project 

title and location, decision-making issue and starting time, number of decision 

makers, is displayed in single-line text boxes and the decision option list is displayed 

in a multi-line text-box. The list of decision makers is displayed in a combo box. 

try( 
textField 1. setText(Ftp. download("page 1 

_title. 
txt")); 

textField2. setText(Ftp. download("page 1 
_location. 

txt")); 
textField3. setText(Ftp. download("page 1 

_issue. 
txt")); 

textField4. setText(Ftp. download("page 1 
_time. 

txt")); 
textFiel d5. setText(Ftp. download("page 1 

_d mNumber. txt")); 
textArea 1. setText(Ftp. download("page 1_option. txt")); 

BufferedReader input = new BufferedReader(new 
StringReader(Ftp. download("page 1_role. txt"))); 

String role = input. readLine(); 
while (role != null) 
{ 

choice Ladd(role); 
role = input. readLineO; 

)catch(java. io. IOException ioe) 
{ 

ioe. printStackTraceO; 
} 

Listing 5.4 `WebForml' Downloading Information from the Server 

Listing 5.5 shows what happens after users press `Submit' button in `WebForml'. 

The 3-line criteria specified by team members are saved into the server, with the role 

selected by the team member in the combo box as his/her ID. After the saving process 

finishes, a message is displayed in the text box at the bottom of the form. 

class SymAction implements java. awt. event. ActionListener 

{ 
public void actionPerformed(java. awt. event. ActionEvent event) 
{ 
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Object object = event. getSource(); 
if (object == button 1) 

button l Action(event); 

void button l Action(java. awt. event. ActionEvent event) 
{ 

try { 
Ftp. upload((index+". txt"), role); 
Ftp. upload((index+"Form l . txt"), textArea2. getTextO); 

)catch(IOException el) 
{ 

e 1. printStackTrace(); 

I textField6. setText("Your submission has been accepted. You can now exit the 
system. Thank you"); 

Listing 5.5 `WebFonml' Uploading Criteria 

5.3.4.3 FTP Class 

Listing 5.6 shows how the FTP class carries out the function of unloading and 

downloading files to and from the server. The socket-based server class is not 

presented here because of space. 

class Ftp 
{ 

* This is a utility class: no instances should be made, so the 
* constructor is private. 

private Ftp() 

* Configuration data. Change this to alter the server/directory, etc. 

private static final String server = "pc-cvhmy. lboro. ac. uk"; 
private static final String user = "cvhmy"; 

private static final String password = "hello"; 

private static final String directory = "decision! "; 

* Useful debugging utility 

private static final boolean doDebug = true; 
private static final void debug(String s) 

if (doDebug) 
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System. err. pri ntl n(s); 

private static Linlyn makeLinlyn() 
{ 

return new Linlyn(server, user, password, directory); 

public static String download(String filename) throws IOException 
{ 

debug("Downloading "+ filename); 
String result = makeLinlynO. download(filename); 
debug("Downloading "+ filename +" complete"); 
return result; 

public static void upload(String filename, String contents) throws IOException 
{ 

debug("Uploading "+ filename); 
makeLinlyn(). upload(filename, contents); 
debug("Uploading "+ filename +" complete"); 

Listing 5.6 The FTP Class 

5.4 SYSTEM OPERATION 

5.4.1 Context 

As stated in the preceding chapters, the prototype system is aimed at collaborative 

decision-making within a multi-disciplinary construction project team. It is also 

assumed that the participants in a decision-making activity/task are geographically 

distributed, as is often the case in real life. 

For real-life decision-making on any construction issue, there is usually a leader, such 

as the project manager, who manages the whole decision-making process. This team 

leader, referred to as `chairperson' in some chapters, controls the application forms in 
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the system. The team members staying in different places visit the project Web site 

where the Web forms are displayed. 

The suggested way to start the system is that the chairperson completes 

`ApplicationForml', and then informs his/her team members via email of the Website 

where `WebForml' is displayed. The team members only need to open `WebForml', 

fill it and leave the Website. The other application forms and Web forms are called in 

turn successively until `ApplicationForm5' gives the optimal decision solution as the 

system's final output. Fig. 5.7 shows how the system follows with running the 

application forms and Web forms inserted in each major step and sub-step. The forms 

in the flowchart are not presented in exactly the same order as they run because the 

data dependency between the forms is not necessarily sequential (see Fig. 5.2). 
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Fo. 5.7: Flowchart of the System Opcrat' Wn 

Note: 'Al" stands for 'ApplicationFurm'; 'WI" stands for 'WebFurm'. 
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5.4.2 Key Features of the System 

The prototype system has the following key properties: 

1. The system allows team members' submissions to be saved on the server and 

controlled by the decision-making team leader; 

2. The system allows team members to have access to the necessary information 

saved in the server for each decision-making step, when they open the Web 

forms; 

3. The system facilitates the generation and rationalization of decision criteria; 

4. The system facilitates the calculation of absolute weights and relative weights 

of team members to reduce unhealthy personality influences upon group 

decision-making; 

5. For the collaborative team leader, the system is easy to understand and control 

with adequate explanations on how the decision-making process is organised; 

6. For collaborative team members, the system is easy to use with guidance on 

what each Web form is for and how to complete it; 

7. The system facilitates dealing with fuzzy linguistic expressions; 

8. The system can be used in both intra-disciplinary scenarios and multi- 

disciplinary scenarios; 

9. The system can be used in any of the construction stages: briefing, preliminary 

design, detailed design, construction planning, and actual construction; 

10. The system can be used for generic group decision-making scenarios. 

These features are manifested in the computer-based example demonstrated in the 

next section. 
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5.4.3 Example 

The example in Section 4.6 (same scenario but different data) is input to the prototype 

system to show the system's working and its principal features during a collaborative 

decision-making process. The example is based on a hypothetical scenario, for 

simplicity, in which 4 decision-makers (client, architect, structural engineer, building 

service engineer) select a window design type from three alternatives. It is also 

assumed that the decision-makers have all got the detailed description of the three 

decision options. Thus, the chairperson specifies the options as Window type 1,2, and 

3 in `ApplicationForml'. For briefness, only the four Web forms completed by the 

`client' are shown. This means that each Web form is filled four times before the 

chairperson launches the following application form. 

The user interface of `ApplicationForml' is shown in Fig. 5.8. The light edit boxes 

(except the date time box) are blank when the form is started. Project title, project 

location, decision-making issue, number of decision makers, number of decision 

options, decision maker list, and decision option list are entered in their requested 

positions. The above-specified information is sent to the server after the `Continue' 

button is pressed. If users click the `Exit' button, they can exit the system without 

their entries being saved on the server. 

`WebForml' is shown in Fig. 5.9. The form displays some of the information saved 

by `ApplicationForml' on the server and leaves the light text box at right bottom 

corner blank when it is initiated. The `Client' selects his/her role in the combo box 

and types in 3-line criteria: initial cost, easy to obtain material for window, and 

maintaining privacy of occupants. After clicking the `Submit' button, a message 
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`Your submission has been accepted. You can now exit the system. Thank you' 

appears in the text box at the bottom of the form. 
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Fig. 5.9: 'WehFormI' in 'Window Selection' Example (filled by 'client') 
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Fig. 5.10 shows `ApplicationForm2' that displays the list of decision makers in the 

left column of text-boxes and that the criteria submitted by the decision makers in the 

middle column of text-boxes. The right text box is blank when the form is initiated 

and what is shown in fig. 5.10 is the rationalised criteria by the chairperson after 

removing duplicated criteria. Users save the rationalised criteria and leave the system 

by clicking the `Continue' button. 

The user interface of 'WebForm2' is presented in Fig. 5.11. The weightings of team 

members in the matrix and the index number are entered after the form is initiated. 

Users submit the data by pressing the 'Submit' button and a message comes up to 

inform users to leave the system. 

File id, Help 

Decision Making Team Raw criteria raised by the whole team are 
Members: 
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ant E, 2,,, / to obtain material for window 
Maintaining privacy of occupants 
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ýrr_Yuteý_t r- Dr) withstand vandalism 
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Ettect on structural stability of wall 
Structural Engineer Entry of light 

Fire resistance 

Energ conservation y 
Building Service Engine o open and close Easy t 

Maintenance Cost 

Summarize and rationalize the criteria in the 
following box (Max 15) 

(Separate multiple cidene using new fines) 

nergy conservation 

y of light 
y to open and close 
withstand vandalism 
tI cost 
ntenance cost 
y to obtain materiel for window 
resistance 
ct on structural stability of wall 
ct on neighbours-reflection of light 

ng privacy of occupant; 

Continue Exit 

J 

Fig. 5.10: 'ApplicationForm2' in 'Winslow Selection' Example 
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Fig. 5.11: 'WebForm2' in 'Window Selection' Example (filled by 'client') 

J 

The list of' decision makers and the integrated decision makers' weightings assigned 

by all the team members are displayed when `ApplicationForm3', shown in Fig. 5.12, 

is started. Users just need to press the `Continue' button to leave and the system saves 

the data and does all the necessary calculations. 

In Fig. 5.13, 'WebForm3' displays the criteria list and allows the client' to enter the 

contribution degree between the criteria in the matrix and select his/her role in the 

comho box. Pressing the `Submit' button also leads to the degree data being saved. 

The criteria contribution degrees assigned by all team members are integrated and 

displayed in Fig. 5.14, 'ApplicationForm4'. The form also displays the list of decision 

criteria in the left column of text boxes. Users just hit the 'Continue' button tu allow 

the system to determine the criteria used to evaluate decision options. 
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Fig. 5.12: `ApplicationForm3' in `Window Sclcction' Example 
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Fig. 5.13: 'WebForm3' in 'Winclow Selection' Example (filled by 'client') 
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Fig. 5.14: `ApplicationForm4' in `Window Selection' Example 

The criteria determined through `ApplicationForm4' and decision options are 

displayed in the Ieft column and right column of text boxes respectively in Fing. 5. I5, 

when `Weht"orm4' is started. The linguistic expressions in the other text hexes are the 

rankings of the criteria and options assigned by the 'Client'. Likewise, the 'CIicnt' 

role is selected in the combo box and the `Suhmit' huttop is pressed. 

Fig. 5.16 shows the fuzzy set of the best options in the top text box and the 

recommended decision option in the bottom text box. 
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5.5 Summary 

The working process of the prototype system described in Chapter 4 has been 

demonstrated by discussions of the user-interface and user interaction with the 

system. The example also served to aid understanding of the operation of the system 

and illustration of the key features of the system. The next chapter discusses the 

evaluation of the system using a number of decision-making scenarios and provides 

evidence of the effectiveness of the system in collaborative decision-making. 
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CHAPTER 6 

SYSTEM EVALUATION 

6.1 INTRODUCTION 

This chapter describes the evaluation of the prototype decision-making system, and 

provides two examples for the evaluation of its practical application. This is followed 

by an analysis of the evaluation results based on questionnaires completed by the 

evaluators. The benefits and limitations of the system are also discussed. 

6.2 EVALUATION OBJECTIVES 

Many publications (such as Eason & Olphert, 1996; Andriessen, 1996; and Bannon, 

1997; and Bogia et al., 1997) give an overview of potential issues to be evaluated in 

relation to interaction technology and information systems. A group decision-making 

system, as social interaction, implies always the existence of certain input elements 

transformed through an interaction process, and resulting in some kinds of outputs 

and feedback. In these processes three interaction levels are involved (Andriessen, 

1996): 

1. The interaction between a user and a tool; 

2. The interaction between users, mediated by a tool; 

3. The organisational context, which provides the input and interacting context 

for the other two levels and is the recipient of the results of the task activity. 

In terms of the goals for the development of a group decision-making system, 

McGrath (1990) distinguished three types: 
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1. To make separate environments more like a single (i. e. face to face) 

environment by overcoming space and time separations. 

2. To improve the efficiency of cooperative work by providing more 

communication and coordination mechanisms. 

3. To increase the capacity of interdependence by improving the accessibility of 

shared information. 

Miles et at. (1998) classified the evaluation of engineering knowledge-based systems 

into two main types and this classification is applicable within the information 

systems field. The two types are verification and validation, which are defined as 

follows (Miles et al., 1998): 

" Validation is the process, which determines whether or not a system meets the 

required specification and is suitable for its intended purpose. Validation 

ensures that the software has been formulated in the intended manner. 

" Verification is the process of ensuring that the product does not contain any 

technical errors. Verification ensures that the software has been formulated 

correctly. 

In the light of the above, the aim of the prototype system's evaluation process was to 

establish the answers to the following questions: 

1. Is the collaborative decision-making process adequate or does it need to be 

extended or modified? 

2. Is the system coming up with the right answers? 

3. Is the decision-making logic consistent with that of the experts? 

4. Is it easy for users to interact with the system? 

5. What facilities and capabilities do the users need? 
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Based on these considerations, the specific objectives of the evaluation of the 

prototype system were: 

1. To check whether any objective or subjective reasoning aspects of 

collaborative decision-making have been missed during the decision-making 

process. 

2. Find and correct any errors or aspects of the prototype system, which are 

confusing or misleading. 

3. To assess the performance of the prototype system in a number of 

collaborative decision-making scenarios involving either a single discipline or 

a multi-disciplinary team. This includes checking the overall rationality and 

accuracy of the output of the prototype system. 

4. To assess the suitability of the developed system for its intended working 

environment. This includes evaluating the developed system's efficiency and 

checking the quality of the user interface. 

5. To review the suitability of the adopted approach to system development and, 

in particular, the extent to which the application of fuzzy set theory improves 

collaborative decision-making within a construction project team. 

6.3 EVALUATION METHODOLOGY 

6.3.1 Choice of Evaluation Procedure 

With regard to the evaluation of computer-supported cooperative work, Andriessen 

(1996) distinguished evaluation into `formative' and `summative' depending upon the 

stage at which it occurs. According to his definition, evaluation is `formative' when it 

occurs during system design process and results in improvements of the system. 
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`Summative' evaluation is evaluation of a ready-made system in practical use. This 

distinction is necessary because the choice of evaluation strategies and techniques 

depends heavily on whether it is for formative purposes or summative ones. 

In setting up an evaluation study, it is generally agreed that four aspects of choice are 

actually implied. These are: 

1. Research paradigm; 

2. Research strategy; 

3. Techniques of data collection; 

4. Type of analysis. 

The above four aspects found in the evaluation of computer-supported interaction 

systems fall into four research traditions, which have been addressed by many 

researchers (Monk et al. 1996, Seilen 1994, Tang and Isaacs 1993, Van der Velden 

1992, Andriessen and Van der Velden 1993): 

1. Analysis of human-computer interaction, in other words, analysis of the extent 

to which the system-interface influences system effectiveness. Performance, 

observational (event-marking), psycho-physiological and questionnaire 

methods for evaluation have been developed in this regard. 

2. Analysis of communication structure and behaviour, in other words, analysis 

of the extent to which a system influences the way people interact and 

exchange information. Three sub-level approaches can be found: 

" Analysis of the conversational structure or of communicative behaviour. 

This analysis is often based on very precise observations, video 

registration and event coding, or on other registration techniques. 

" Analysis of conversation content. Many coding schematas exist. 
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" Questionnaire ratings, particularly of `social presence' and of `awareness' 

of the setting of the other participants. 

3. Group interaction analysis, in other words, analysis of the effect of the media 

application on cooperative tasks and group processes. This type of analysis is 

based on various kinds of observation and registration techniques and on data 

from questionnaires. 

9 Activity registration by participants themselves or automatic logging by 

the system. On the basis of this type of data social network can be 

performed. 

9 Interaction-content coding based on observation techniques and event 

marking. 

9 Many questionnaires concerning aspects of group interaction in general 

have been developed. 

4. Media choice and media role. This type of research is most often done through 

questionnaires and interviews, sometimes supported by logging media use. 

6.3.2 Evaluation Procedures 

Although as mentioned above, various evaluation techniques are available, only the 

approaches appropriate for the system are adopted. The evaluation proceeded through 

the following stages: 

1. Pilot evaluation: User's feedback at an early stage of the system 

implementation is important and the easy way to obtain this was to use a group 

of researchers. A generic group decision-making scenario was set up for the 

pilot evaluation. The comments and suggestions from the researchers involved 

were useful in the improvement of the system. 
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2. Construction-specific evaluation: The final evaluation was carried out to 

simulate a multi-disciplinary project team, which involved four academic staff 

in the Department of Civil and Building Engineering in the University with 

considerable experience of the construction industry. 

6.3.3 Questionnaire Design 

A questionnaire was designed so that the performance of the system in collaborative 

decision-making could be assessed, and the system's efficiency and the quality of the 

user-interface evaluated. The questionnaire was divided into three sections; Section A 

requested information about the participant's professional role and about their 

experience. Section B contained a total of 20 questions about various aspects of the 

system; these were grouped into the following sub-headings: team work, applicability 

to practical decision-making case, management of system interaction, efficiency, and 

a general section. For each question, participants were asked to tick the box that best 

represents their assessment on a scale of 1 (poor) to 5 (excellent). Section C requested 

comments on ways to improve the system, and allowed for further comments. A 

sample of the evaluation questionnaire is provided in Appendix A3. 

6.4 THE EVALUATION 

This phase contains the details of the two decision-making scenarios and the 

evaluation of the prototype decision-making system using them. 

6.4.1 Evaluation 1: Generic Scenario 

The presumed decision-making issue was to select a venue for a Christmas dinner 

party from four options. The participants included two researchers in the department, 
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one in another university and one working in industry. This arrangement was for 

testing if different network users can access the server. The participants also had 

different opcrnting systems on their PCs. 

The author was involved in the evaluation acting as a moderator/team leader. The 

decision-making process was started with the team leader specifying decision options, 

which were Pizza Hut, an English puh, an Indian restaurant, and a Thai restaurant, 

plus other background details (shown in Fig. 6.1). 

Fdý Edit Hrl4 

Froje ct Title IL hi tru Deiner Part`/ 

Project Location Loughborough Decision-Making Start Date 
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Specify Decision Options 
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Genet 
John 

Continue 

Nt JTE For etfec[nveness ensure that rill your reorri rnemb- -, -j 1,1e the 

tolluwing web-forrrr and Submut it before you open the rrext applicauori-torm. 

Firrn fiut 
An English Flub near Uni 
An Indian restnurard rrieiJiun, site end IJrIc 1 
Ihnillýsu<.. = rnnll nra trýýýl niýýl ýi ,. 

Exit 

Fig. 6.1 Basic Information about the Decision Issue (Generic Scenario) 

The participants then opened the WehForm1's URL in the email sent by the team 

leader and gave their three top criteria for selecting the party venue in the form (an 

example is shown in Fig. 6.2). The system collated the submission of the whole team 

and the team leader ratiornalisect the criteria to avoid duplication (Fiýg. 6.3). There were 
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in total eight criteria sent to the server after rationalisation: food quality, price, 

distance, service quality. seating, cleanliness, smoke-free, and privacy. 
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The team members weighted the importance of each decision maker for the decision- 

making issue, for which every participant had equal weighting. Thus all figure inputs 

in WebForm? were `1' (Fig. 6.4) and the integrated importance figures in 

ApplicationForm3 were `3', which is presented in Fig. 6.5. 

ýJ J 
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J 

Fig. 6.4 Importance of Decision Makers Weighted Equally (Generic Scenario) 

Each participant specified the contribution degree between the eight criteria (see 

Fig. 6.6) and the system integrated the specification and chose the top five criteria to 

be used to evaluate the decision options. The participants ranked these five criteria 

using five linguistic scores (Highly Important, Very Important etc. ), and ranked the 

tout' party venues using seven linguistic grades (Excellent, Very Good etc. ) as shown 

In Fig. 6.7. Based on all participants' rankings, the system recommended the l'ººtu'th 

decision option - the Thai Clouse as the preferred choice (see Fib,. 6.8). The 

recommended option was sent to all participants via email. 
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6.4.2 Evaluation 2: Construction Industry Scenario 

The decision-making issue was to select an appropriate foundation type for a structure 

that comprises a boiler with an integral 50 metre high chimney. This structure was 

part of a power station development. Fig. 6.9 shows a plan of the boiler and chimney 

structure. The location of the columns at ground level and the static loads in the 

columns were given. Fig. 6.10 shows the general site layout and Figs. 6.11 and 6.12 

the ground investigation results. The soil profile is summarised in Table 6.1 and is 

described below: 

Oxford Clay 

In general the classification and engineering properties of the glacially reworked 

Oxford clay, weathered Oxford clay and Oxford Clay are comparable and they are 

therefore reported together. However where difference occurs the strata are discussed 

separately. Sedimentation analyses were carried out on two samples of glacially 

reworked Oxford Clay fractions of 23% and combined silt and clay fractions of 95% 

to 98%. Three samples each of weathered Oxford Clay and Oxford Clay were 

analysed giving clay fractions of 53 to 57% and 38 to 57% respectively with 

combined silt and clay fractions of 91 to 96% and 92 to 97%. The main notable 

variation in these materials is the higher silt content of the glacially re-worked Oxford 

Clay. The above materials typically have a bulk density of 1.9 to 2.0 Mg/m3. Index 

classification tests indicate that the Liquid Limit and Plasticity Index of the Oxford 

Clay ranges from 31 to 64% and 17 to 41% respectively with no major difference 

between the three sub-divisions of the Oxford Clay. This is indicative of intermediate 

to high plasticity material. The nature moisture content of the re-worked and 

weathered Oxford Clay was found to be in the range 22 to 28%, and in Oxford Clay 

12 to 27%. 
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Tnhle 61 Summarised Soil Profile In Construction Industry Evaluation 
Depth to Base of Stratum (m) Approximate Range Description 

of Thickness (m) 

1.2-1.8 0.6-0.8 Topsoil with black, grey and orange bands 
of pulverised fuel ash, coal ash and gravel 
clinker, sandy clay with bricks and plastic 
bags. (TPs 2 and 3, BHs 3,5, and 9) 
(MADE GROUND) 

0.6-0.8 0.35-0.7 Black and Brown mottled clayey sandy fine 
to coarse flint gravel (BH 6, TPs 4 and 5). 
(MADE GROUND) 

0.7-4.3 0.4-4.3 Firm brown or dark grey mottled brown 
slightly sandy silty clay with some fine to 
coarse flint and coal gravel 
(BHs 1-6 and 9, TPI) (MADE GROUND) 

2.0 1.2 Soft to firm brown sandy CLAY with some 
fine to medium gravel (B1-17,7A) 
(ALLUVIUM) 

5.2 3.2 Medium dense to dense yellow brown fine 
to coarse GRAVEL (BH7,7A) 
(TERRACE GRAVELS) 

2.0-4.7 0.4-1.95 Firm orange brown mottled light grey 
structureless silty CLAY with occasional 
medium gravel sized carbonate nodules and 
rootlets (BHI-6,8 and 9) (GLACIALLY 
REWORKED OXFORD CLAY) 

5.0-7.2 2.3-4.2 Firm orange brown mottled light grey thinly 
laminated extremely to very closely fissured 
CLAY with grey greying on fissures and 
with selenite crystals and occasional thin 
bands from hard to very weak silt/siltstone 
(BHs 1-6,8 and 9) 
(WEATHERED OXFORD CLAY) 

Not proven Not proven Stiff to very stiff light green/grey thinly 
laminated CLAY with occasional shells and 
closely spaced fissures becoming very stiff 
to hard dark grey green thinly laminated 
CLAY with occasional shells and shell 
fragments (BHs 1-4 and 8) 
(OXFORD CLAY 

The decision-making team was required to choose from four decision options: 

1. A large raft over the whole area. It would have to be deep. Its rough size is 

22mx15mx3m. 

2. Individual pile-caps with piles 

3. Strips (2 number) with piles 

4. Large raft and piles (raft would be shallower than the one in option 1) 
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Four project team members were involved in the decision-making: a Geotechnical 

Engineer, Structural Engineer, Construction Manager, and a Quantity Surveyor. The 

engineers and the surveyor were all chartered. The participants all had considerable 

experience of the construction industry. Their areas of experience included civil 

engineering and building. Although they currently work in an academic environment, 

they have been actively involved in industrial practice and have had close connection 

with practitioners. Therefore, they are fairly representative of the potential users of the 

prototype decision-making system: a project manager and his/her multidisciplinary 

construction team. The experience of the participants was also considered to be 

adequate to enable an adequate assessment of the system. 

As in the generic scenario, the author acted as a moderator. Each participant was 

required to complete the appropriate forms included in the email sent by the author 

and a questionnaire at the end of the evaluation session. To ensure that they knew 

what to look for, the questionnaire and the detailed information about the evaluation 

scenario were sent to the participants at least three working days before they were 

supposed to `attend' the group decision-making. To avoid complex technical 

calculations that might take the participants too long time, the scenario was based on a 

qualitative analysis. The decision-making process was similar to the one in the 

generic scenario described in Section 6.4.1. Fig. 6.13 shows the basic information of 

the decision-making scenario, including the list of decision makers and decision 

options, specified at the beginning of the evaluation exercise. In the Web form shown 

in Fig. 6.14, the Quantity Surveyor submitted three top criteria for selecting best 

foundation type for the structure: cost, speed, and design criteria. Other participants' 
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submissions can he seen in Fig. 6.15, which presents the whole team's criteria 

collated by the system. 
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All participants weighted the importance of each member of the decision-making 

team by completing the form shown in Fig. 6.16; the example shown was filled in by 

the Geotechnical Engineer. 
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Furthermore, all participants graded the contribution degree between the criteria using 

the form shown in Fig. 6.17, which shows the input provided by the Structural 

Engineer. After integrating the importance weightings of the team members and the 

contribution degree between the criteria, the system chose four criteria to be used to 

evaluate the decision options. These are: type of structural loading, cost of 

construction of piles versus rift, typical allowable ground pressure, and construction 

slpeedi. The participants used the Weh form shown in Fig. 6.18, in which the Project 

Man gcr's input is shown, to rank the selected criteria and the decision options. After 

receiving the suhmission from every team member, the system recommended the 

second option - individual pads with piles to be the preferred choice. This outcome 

was sent to the participants via email and is shown in Fib. 6.19. 
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6.5 EVALUATION RESULTS 

This section summarises feedback from the evaluation participants. It includes the 

results from each of the two evaluations undertaken. The presentation includes an 

overview, detailed responses to the evaluation questions, and suggestions for 

improvement. 

6.5.1 Evaluation 1: Generic Scenario 

6.5.1.1 Overview of Findings 

The findings from the pilot evaluation mainly include the system network (especially 

the server) working as anticipated and some ideas for improving the guidance for 

completing the Web forms. The performance of the system was judged to be highly 

satisfactory. The rating of the questions in the questionnaire showed that the prototype 

decision-making system can adequately fulfil the function for it was designed in 

generic decision-making scenarios. 

6.5.1.2 Responses to Questions 

The participants were impressed with the way the Client-Server system integrated 

information effectively. They experienced difficulties in completing WebForm3 - 

which involved judging the contribution degree between criteria, and most of them 

reviewed the guidance more than once. Table 6.2 provides the average rating of the 

system with respect to the specific questions in the questionnaire. A detailed analysis 

of the various sections of the questionnaire is presented below: 
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Table 6.2 Summary of Feedback Ouestionnaire in Generic Scenario 
Ranking 
(out of 5) 

TEAM WORK Avg. % 
1 How well does the system facilitate group decision making by geographically 

distributed project team members? 
4.25 85 

2 How well does the system encourage objectivity in group decision-making? 4.00 80 
3 How well does it eliminate unhealthy behaviour in group decision-making? 4.00 80 
4 How appropriate is the role of the decision-making team leader as implemented 

in the system? 
3.50 70 

APPLICABILITY TO PRACTICAL DECISION-MAKING CASE 
5 How a ro riate are the linguistic terms for ranking decision criteria/options? 4.25 85 
6 How well does the system deal with fuzzy linguistic expressions during the 

radical decision-making process? 
3.75 75 

7 How accurately does the system structure actual decision-making procedure 
(any major aspects/steps missed or unnecessary)? 

4.00 80 

8 How appropriate are the limitations on numbers of team members, criteria and 
solution o tions in the system? 

3.75 75 

9 How accurate was the final decision suggested by the system? 4.00 80 

MANAGEMENT OF SYSTEM INTERACTION 
10 How attractive is the graphical user interface of the system? 3.50 70 
11 How easy is the use of the system? 3.50 70 
12 How easy/clear are the instructions for completing the forms? 3.25 65 
13 To what extent does the system allow the choice of the optimum decision 

o tion? 
4.00 80 

14 How easily can the s stem's output be understood? 4.25 85 

EFFICIENCY 
15 How convinced are you that the system can be used easily within a project 

team, particularly in a concurrent engineering environment? 
4.00 80 

16 How efficient is the overall method for decision-making within a construction 
ro'ect team? 

4.00 80 

17 To what extent does the fuzzy-based approach adopted in the system benefit 

collaborative decision-making within a construction project team? 
4.25 85 

GENERAL 
18 Rate how confident you are with computers (generally) 4.25 85 
19 How generic do you consider the system to be? 4.25 85 
20 What is your overall rating of the system? 4.00 80 

TEAMWORK 

The high ranking (85%) for the first question reflected that the Web-based system 

effectively facilitated group decision-making by geographically distributed team 

members. The individual scores were 4,5,4, and 4 respectively. It was also accepted 

by the participants that the pairwise comparison of the team members' importance 
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encouraged objectivity and eliminated unhealthy behaviour in group decision-making. 

The participants all gave a score of 4 to questions 2 and 3 in the questionnaire. The 

scores for the fourth question in the questionnaire were slightly lower - 3,3,4, and 4. 

This was because the whole system, which includes both the Client part and the 

Server part, was only demonstrated to the two participants in the department. The 

other two participants in another university and in industry were not able to view the 

Server part, which is designed to be managed by the leader of the decision-making 

team. The author described the function of the Server part via telephone and email so 

as to enable them to answer the fourth question in the questionnaire - with a score of 

3 each. 

APPLICABILITY TO PRACTICAL DECISION-MAKING CASE 

The linguistic terms used for ranking decision criteria and options in the system were 

regarded as appropriate by all the participants who gave it high marks. The ability of 

the system to handle fuzzy linguistic expressions also positively impressed the 

participants who rated it with the individual marks 5,4,3, and 3. The highest mark 

was made by one of the researchers who fully understood the working of the system. 

The system did not miss any major steps for the specific scenario but one of the 

participants pointed out that the team size designed in the system might be too big 

(maximum 10 team members) for a collaborative construction project team. The 

system's output generally matched what the participants anticipated. The four 

individual marks were 5,4,4, and 3 for the accuracy of the final decision option 

recommended by the system. 

160 



MANAGEMENT OF SYSTEM INTERACTION 

Two of the participants thought that the user-interface of the system was attractive 

and scored it 4 out of 5, while the other two suggested that WebForm3 (specifying 

criteria contribution degree) could be improved. The `ease of use of the system' was 

scored 4 and 3 by two pairs of participants. This was probably due to the instructions 

for completing the form being a little difficult for first-time users. This was reflected 

in the participants' response to the question 12 - `is the instruction easy/clear? ' - in 

the questionnaire (average 65%). However, the participants were convinced (average 

80%) that the system allowed the optimum decision option to be chosen and 

understood the output of the system quite easily (average 85%). 

EFFICIENCY 

All the participants were convinced that the system could easily be used in a 

concurrent engineering environment and gave it a score of 80% (four people scored it 

4 out of 5). The efficiency of the overall method for decision-making within a 

construction project team was also scored 4 by every participant. The responses to the 

question on the extent to which the fuzzy-based approach adopted in the system 

benefits collaborative decision-making were very positive, with an average of 85%. 

The individual scores were 5,4,4, and 4. These scores firmly established the 

effectiveness of the prototype system in improving the efficiency of collaborative 

decision-making. 
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GENERAL 

The system was considered very generic - at an average level of 85% and the overall 

rating the system received was 4 out of 5 (80%), which was based on four individual 

scores of 4. 

6.5.1.3 Suggestions for Improvement and Other Comments 

The suggestions and comments mainly concentrated on improvements to the user- 

interface. They are summarised as follows: 

9 The wording in the instructions for completing the forms could be improved; 

" Could a slide slot of values be used instead of filling in values manually in the 

Web forms? 

" In WebForm3 (specifying contribution degree between criteria), the diagonal 

text boxes should be shadowed and non-editable as they were in WebForm2; 

" The text boxes in Webform3 appeared complex and time-consuming; 

9 Could the best decision option recommended be seen on the Web as well? 

Some of these suggestions and comments were addressed immediately, e. g. wording 

adjusted in the guidance for completing the forms, while others were left for future 

work. 

6.5.2 Evaluation 2: Construction Industry Scenario 

6.5.2.1 Overview of Findings 

The findings from the construction industry evaluation include positive responses 

from the evaluators and their suggestions and comments on the performance of the 

prototype decision-making system. The evaluators were generally satisfied with the 
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performance of the system although they did suggest some necessary improvements 

to the system for some particular decision-making situations. Some of the ideas were 

very constructive for future improvements to the system. The rankings the system 

received showed that the system is considered an appropriate and effective decision- 

making tool for collaborative construction project teams. 

6.5.2.2 Responses to Questions 

Table 6.3 provides the average rankings of the effectiveness of the system with 

respect to the specific questions in the questionnaire. In most areas, the average rating 

was 3.5 and above out of 5. The highest average rating of the system was 4 out of 5 

(80%), and the lowest was 3.25 out of 5 (65%). The details of these scores are 

discussed below: 

TEAMWORK 

The evaluators were convinced that the system could facilitate group decision-making 

by geographically distributed project team members with an average rating of 3.5 out 

of 5 (70%). Both the Project Manager (PM) and the Geotechnical Engineer (GE) gave 

a score of 4 to this aspect while the Structural Engineer (SE) and the Quantity Survey 

(QS) scored it 3. The SE and QS believed that the Internet was an easy way to link 

remote working team members but there was not enough information included in the 

Web forms in the scenario, which also affected their responses to later questions. The 

evaluators supported the idea that the system encourages objectivity and eliminates 

unhealthy behaviour in group decision-making with an average score of 80%. The 

highest score of 5 for question 2 in the questionnaire came from the GE while the 

lowest (3) came from the QS and the PM. The individual scores for question 3 were 5 

163 



(GE), 4 (PM), 4 (QS), and 3 (SE). The appropriateness of the role of the decision- 

making team leader received relatively low ratings (4,4,3,3) because the evaluators 

were not involved in using the Server part in the system. 

Table 6.3 Summary of Feedback Questionnaire in Construction Scenario 
Ranking 
(out of 5) 

TEAM WORK Avg. % 
1 How well does the system facilitate group decision making by geographically 

distributed project team members? 
3.50 70 

2 How well does the system encourage objectivity in group decision-making? 4.00 80 
3 How well does it eliminate unhealthy behaviour in group decision-making? 4.00 80 
4 How appropriate is the role of the decision-making team leader as implemented 

in the system? 
3.50 70 

APPLICABILITY TO PRACTICAL DECISION-MAKING CASE 
5 How appropriate are the linguistic terms for ranking decision criteria/options? 3.75 75 
6 How well does the system deal with fuzzy linguistic expressions during the 

radical decision-making process? 
3.66 73 

7 How accurately does the system structure actual decision-making procedure 
(any major aspects/steps missed or unnecessary)? 

3.00 60 

8 How appropriate are the limitations on numbers of team members, criteria and 
solution o tions in the system? 

4.00 80 

9 How accurate was the final decision suggested by the system? 3.75 75 

MANAGEMENT OF SYSTEM INTERACTION 
10 How attractive is the graphical user interface of the system? 3.50 70 
11 How eas is the use of the system? 3.25 65 
12 How easy/clear are the instructions for completing the forms? 3.25 65 
13 To what extent does the system allow the choice of the optimum decision 

option. 
4.00 80 

14 How easily can the system's output be understood? 4.00 80 

EFFICIENCY 
T5_ How convinced are you that the system can be used easily within a project 

team, particularly in a concurrent engineering environment? 
3.75 75 

16 How efficient is the overall method for decision-making within a construction 
project team? 

3.50 70 

17 
I 

To what extent does the fuzzy-based approach adopted in the system benefit 
collaborative decision-making within a construction project team? 

4.00 80 

GENERAL 
18 Rate how confident you are with computers (generally) 4.25 85 
19 How generic do you consider the system to be? 3.75 75 
20 What is your overall ratin of the system? 3.75 75 
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APPLICABILITY TO PRACTICAL DEICISON-MAKING CASE 

The fuzzy linguistic expressions used in the system were considered appropriate with 

an average rating of 75% (4,4,3, and 3 individually) but on `how well does the 

system deal with the expressions', the GE and the PM gave a score of 4, the SE a 

score of 3 while the QS stated that he did not know. This was due to a lack of 

understanding of the system. A relatively low score (60%) was given to the accuracy 

with which the system structures the actual decision-making procedure; this was 

mainly because of the lack of detailed technical data to support option ranking (in 

WebForm4) for the specific geotechnical problem. The structural engineer deemed 

that some steps were missed (e. g. geotechnical engineer and quantity surveyor must 

exchange technical data, which must also be passed to structural engineer and project 

manager, before the decision options were ranked). However, as stated earlier (see 

Section 4.3), it is assumed that team members have had full details of decision options 

before the decision-making starts. Although the question `appropriateness of the 

limitations on numbers of team members, criteria, and options in the system' was 

given a high ranking (80%), the PM suggested that team members in a real 

construction project team do not normally exceed 5 (maximum number was set at 10 

in the system). The PM believed that the final decision suggested by the system was 

completely accurate (a score of 5) while the GE scored it 4, while the QS and the SE 

gave a score of 3. 

MANAGEMENT OF SYSTEM INTERACTION 

The graphical user-interface was rated at 70% generally while somewhat lower 

ranking (65%) was given for the ease of use of the system and the clarity of the 

guidance for completing the forms. Several suggestions and comments addressed the 

165 



improvement of the user-interface and are discussed in the next section. The 

evaluators were convinced that the system allowed the optimal decision option to be 

chosen and gave it an average rating of 80% (all scored it 4 individually). They also 

found that the system's output was easy to understand (the screen print of the last 

form on the Server side showing the outcome of the decision was sent to the 

evaluators via email). 

EFFICIENCY 

The PM, GE, and SE all considered that the system could be used easily within a 

concurrent engineering environment, with a rating of 4 out of 5 (80%) while the QS 

rated it 3 out of 5 (60%). This was probably because the QS is usually concerned 

about the cost of a construction project and is often short of further information for 

ensuring a most economic option. The efficiency of the overall method for decision- 

making was given an average rating of 3.5 out of 5 (70%), with individual scores of 4 

(PM), 4 (GE), 3 (SE), and 3 (QS). However, all the four evaluators scored the system 

4 out of 5 (80%) on the extent to which the fuzzy-based approach adopted in the 

system benefits collaborative decision-making within a construction project team. As 

with the responses of the participants in the Generic Scenario to this question, the 

positive rating further confirmed the necessity for, and appropriateness of, the 

prototype system. 

GENERAL 

The system was considered applicable to wide range of decision-making scenarios 

with a rating of 3.75 out 5 (75%). The SE and QS agreed that more information 

should be provided for complex technical decision-making issues. The system 
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received an overall rating of 3.75 out of 5, which demonstrates that the system is 

generally an effective tool for specific construction industry decision-making 

scenarios. 

6.5.2.3 Suggestions for Improvement and Other Comments 

Below is a summary of the comments made by the evaluation participants on ways to 

improve the prototype system. To facilitate ease of reading, some of the comments 

have been slightly edited: 

Team Work 

9a section might be added for showing who decided what, e. g. after WebForml 

(i. e. make ApplicationForm2, which collects raw criteria inputs from the 

whole team, Web-based) 

" consider the situation where the members of a team are located in different 

countries (Note: the prototype system is currently able to cope with this) 

Applicability to Practical Decision-Making Case 

9 some decision-making steps were missed 

Management of System Interaction 

0 some of the forms need slightly better explanations 

" there are terms that need to be explained from the start, e. g. criteria 

0a function could be added to automatically reject rogue data 

9 data input for forms to be made simpler through pull-down menus 
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--- 

" the form that involves two decision stages (WebForm4) is best separated to 

reflect the two stages 

Efficiency 

" more team interactivity might be needed 

General 

" cookies could be added to save the information locally (in Web forms) so that 

decision makers can input data at different times 

It is evident that most suggestions relate to system interaction, which indicates that 

there is still considerable room for improvements to the user interface. The comments 

on `team work' area show that the participants desire more transparent 

communications in the group decision-making environment and tools to facilitate that. 

The comments on `applicability to practical decision-making case' were actually 

targeted at the evaluation scenario rather than the prototype system itself. Since there 

was inadequate technical data included for the decision options, some of the 

participants (particularly the engineers) found it difficult to make decisions without 

more data. Furthermore, it was suggested that the ranking requested in WebForm4 

(see Fig. 6.18) should be divided into two level decisions. For example, if `raft' option 

was selected, some of the criteria would become irrelevant (although they would still 

be relevant to `plies'). This is also the major reason for the suggestion under 

`efficiency'. Most of the participants required cost data from the QS before ranking 

the decision options. This is a constructive point for the system to enhance its ability 

to cope with complex technical cases. The comment under the `general' area also 
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concerned the user interface, which is the major area that was suggested for 

improvement. 

6.5.3 Benefits of the System 

Although there is room for improvement, the prototype decision-making system 

provided an effective tool for collaborative decision-making by members of a 

distributed construction project team. Its effectiveness can be linked to the rankings of 

the questions in the questionnaire. The average rankings of the questions in the four 

major areas (from both evaluations) are: 

9 Team work: 3.69 (74%) 

" Applicability to practical decision-making case: 3.55 (7110) 

" Management of system interaction: 3.5 (70%) 

" Efficiency: 3.83 (76%) 

Overall ranking: 3.75 (75%). 

Through the evaluation of the system, several practical benefits of the system were 

demonstrated. These include: 

" The system can be utilised by distributed construction project teams to 

facilitate group decision-making on key issues in a project; 

" The unhealthy influence of personality clashes in group dccision-making 

situations can be avoided, allowing for an objective and rational assessment of 

decision-making options; 

" The preference of decision makers can be expressed in natural language terms 

using a wide set of linguistic variables and modifiers: 
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" The generic nature of the system makes it applicable to a range of decision- 

making situations, ensuring wider applicability than conventional knowledge- 

based systems; 

" The system relies on the knowledge of the decision makers thereby ensuring 

that their function is not usurped by the system and that they remain in control 

of the decision-making process. This is critical for the validity and 

acceptability of the outcome of the group decision-making process; 

" The system encourages members of a decision-making team to think more 

carefully about the decision-making criteria and the decision alternatives; 

" The system allows team members to revise their contributions by re-filling the 

Web forms when they discover mistakes or if things have changed. 

6.5.4 Limitations of the System 

The comments made by the evaluation participants have highlighted some of the 

limitations of the system, which include: 

" The system does not provide variable decision levels/sub-steps when further 

discussion is needed in a complex technical situation; 

9 Data cannot be recalled after submission by team members from the client side 

to the server side. This is due to the Internet security issues. The system, 

however, allows users to complete a new form which supercedes an earlier 

submission; 

" The application forms can only be opened when adequate information has 

been received from the preceding Web forms. If the information is less than 

needed, there is only a procedural message generated by Visual J++, rather 

than a warning message generated by the system itself. Users of the 
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application forms may think that the system has `crashed'. This could be 

avoided by adding an appropriate function or warning message in the system. 

Commentary 

The evaluation involved the author acting as a moderator/project manager for the 

team. In an ideal situation this role would be fulfilled by the lead team member. This 

was not possible in this case, as there was no time available to train team members to 

operate and manage the decision-making system. 

6.6 DISCUSSION 

6.6.1 Results 

Overall, the evaluation results are very positive. The participants in both evaluations 

were satisfied with the performance and effectiveness of the prototype decision- 

making system. The rankings received from the feedback questionnaire confirmed 

that the system is suitable to a wide range of decision-making situations although 

some improvements are needed for some particular complex situations. The system's 

performance showed that it is able to fulfil all the requisite functions efficiently. 

Suggestions and comments have been given on various aspects of the system and 

could form the basis of further work. 

From the results of both the pilot evaluation and the construction industry evaluation, 

it is evident that the objectives set out in Section 6.2 have been achieved, as below: 

All the key objective or subjective reasoning aspects of collaborative decision- 

making in generic construction scenarios are covered by the system; 
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" All known errors have been located by the author, during and after the two 

evaluations. Where appropriate, these have been corrected; 

9 To assess the performance of the prototype system, a generic decision-making 

scenario was used in the first evaluation while the second construction-specific 

scenario involved a multi-disciplinary team. The ratings received in the 

`applicability to practical decision-making case' area reflected the overall 

accuracy of the output of the prototype system - on average 75.8%; 

" An average rating of 75.3% was obtained by averaging the rankings in 

`management of system interaction' and `efficiency' in the two feedback 

questionnaires. This demonstrates the suitability of the developed system for 

its intended working environment; 

0 On the question `to what extent does the fuzzy-based approach adopted in the 

system benefit collaborative decision-making within a construction project 

team? ', the first group rated the system as high as 85% while the second group 

rated it at 80%. These figures proved that the adopted approach were ideally 

suited to the system development. 

6.6.2 Comparison of the Two Evaluation Scenarios 

There was some variability in the judgement of the evaluators in the two evaluations. 

One of the reasons for this is that different people have different views of the same 

things. This is inevitable. On balance, however, the evaluators in the generic scenario 

were more generous than those in the construction scenario. This is probably 

reflective of the fact that the second scenario was more realistic (and, therefore, more 

complex) than the first scenario. Other reasons may include the following: 
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" The participants in the first evaluation understood the system better since the 

author often discussed the system during its development, especially with the 

researchers in the department; 

9 The participants in the first evaluation had more time for explanation and 

demonstration than those in the second. 

However, the feedback from the second evaluation was more, both in terms of 

quantity and depth. The suggestions and comments from the first group centred on the 

user-interface while those from the second group covered nearly every aspect of the 

system. This is probably because of: 

" The scenario in the first evaluation was generic and not specific to the 

construction field; 

" There were not as many complex criteria and technical data involved in the 

first scenario as in the second one. 

6.6.3 Appropriateness of Evaluation Approach 

Both the two evaluations were considerably successful. This was manifested by how 

well the system coped with the two different decision making scenarios and the 

positive responses obtained from the evaluators. Although there were limitations in 

some difficult decision-making steps, the evaluators were of the view that future 

improvements of the system would further facilitate collaborative decision-making 

within the construction industry for both generic and complex situations. The chosen 

methodology helped test all aspects of the system required in the evaluation 

objectives. The reflection from the whole evaluation process include: 

" It was a good way to test a Web-based system using people in different 

organisations and on different operating systems; 
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" The two scenarios chosen with completely different considerations helped 

establish the system's suitability for a wide range of decision making 

situations; 

" The questionnaire covered all the major aspects of the system that needed to 

be tested and was useful for obtaining all the essential feedback from the 

evaluators; 

" The evaluators for the construction industry scenario all had considerable 

experience in the field and this ensured a relative accurate assessment of the 

system; 

0 Both groups of evaluators rated their confidence in the use of computers 

highly at 85%. Finding people possessing right level of computer knowledge 

is vital for the evaluation of a Web-based decision-making system. The 

evaluation approach was right in this regard, although it is recognised that in a 

real construction setting, not all team participants may be computer-literate. 

The evaluation approach had some limitations with regard to the following: 

9 The pilot evaluation should have been conducted earlier, making it more 

`formative'; 

"A full demonstration for all the evaluators before the start of the evaluation 

would have been helpful. This was not possible due to time constraints. 

In addition, it was hoped that the prototype system could have been tried out on a real 

project. Unfortunately, there was no access to such a project. This could be done as 

part of further evaluation and refinement of the system. 
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6.7 SUMMARY 

This chapter has described the evaluation of the prototype collaborative decision- 

making system, using both a generic and a construction industry scenario. The system 

has been evaluated in four key areas: how well it facilitates teamwork, its applicability 

to a practical decision-making case, its management of system interaction, and 

efficiency. Although the system has some limitations, the evaluation result has shown 

that the system effectively facilitates collaborative decision-making by a 

geographically distributed team. Overall, the system's performance was rated highly 

at 75%. 
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CHAPTER 7 

SUMMARY AND CONCLUSIONS 

7.1 INTRODUCTION 

This chapter concludes this research project, which focused on the application of 

fuzzy logic to collaborative decision-making in the construction industry. The 

investigation resulted in the development of a Web-based collaborative decision 

making system for construction project teams. This chapter summarises the findings 

of the research, and the development, implementation and evaluation of the resulting 

prototype decision-making system. It concludes that a Web-based decision-making 

system using fuzzy logic is an effective tool for collaborative construction project 

teams. The chapter ends by making recommendations for further work. 

7.2 GENERAL SUMMARY 

The aim of the research project was to investigate the applicability of fuzzy logic 

principles to collaborative decision-making in construction project teams. The 

investigation was based on the need to facilitate collaborative decision-making within 

construction project teams where team members are geographically distributed. It 

focused on the development of a fuzzy-based prototype decision-making model and 

the development of its Web-based decision-making system. Various tasks and 

strategies were adopted to achieve the defined objectives of the research. These 

included: extensive literature review, a pilot industry survey, participation at seminars 

and conferences to interact with other researchers and professionals in similar 

research areas, and rapid prototyping. 
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The review on concurrent engineering and collaborative decision-making revealed 

that the concept and principles of Concurrent Engineering (CE) are being adopted in 

the construction industry, and that collaborative decision-making is important in the 

implementation of CE. However, it was also revealed that existing approaches to 

collaborative decision making do not adequately address the problems, particularly 

when the disparate priorities of project team members are expressed in fuzzy 

linguistic terms, during collaborative decision-making in construction project teams. 

The literature also suggested that there was a lack of effective tools to facilitate 

decision-making by members of a geographically distributed project team. 

Fundamental theories of fuzzy sets and systems were reviewed. The key concepts and 

principles adopted in the development of the model, such as linguistic variables, 

linguistic modifiers and the extension principle, were highlighted. The study showed 

that fuzzy systems have advantages for tackling uncertainties and imprecision, for 

which conventional crisp theory and deterministic approaches are not well suited. 

Fuzzy systems have been widely applied in many areas such as social science, 

medicine and engineering control. However, the application of fuzzy systems in 

construction remain few and most studies concern structural engineering issues. Some 

existing approaches in other disciplines do involve the application of fuzzy system 

theory to solving decision-making issues but they either do not support group 

decision-making, only consider the degree of consensus between team members, or 

do not address multi-criteria decision-making. Limitations were found in the existing 

studies that intend to develop decision-making systems using fuzzy system theory. 

particularly, for group decision-making, there is a lack of effective tools to integrate 

team members' views in a virtual environment. Some decision support systems 
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developed for the construction industry are only interested in specific issues and do 

not address the use of fuzzy system theory in decision-making. Furthermore, they are 

not generic systems that are applicable to a broad range of collaborative decision- 

making scenarios. There was, therefore, a need to investigate and develop a 

collaborative decision-making system for construction project teams based on fuzzy 

logic. 

The pilot survey carried out with a selection of industry practitioners confirmed the 

existence of fuzziness during collaborative decision-making in the construction 

industry and provided other constructive information. The information included the 

various stages at which collaborative decision-making takes place; the fact that 

collaborative decision-making is necessary at both intra-disciplinary and multi- 

disciplinary levels; as well as current decision-making procedures and techniques. 

The investigation into the fundamental theories of collaborative decision-making and 

fuzzy logic, related studies, and the pilot industry survey, established the base and 

focus of a fuzzy-based decision-making model for collaborative construction project 

teams. However, the model had two structural revisions and several minor alterations, 

following suggestions and discussions with the academic staff involved in the 

research, fuzzy logic experts, and other researchers at conferences and workshops. 

The approach adopted a number of concepts and operational principles of fuzzy sets 

theory, and adapted rationalizing techniques (such as Fuzzy Structural Modelling) 

from other studies. The model was developed into an Internet-based software using 

Java. The resulting prototype decision-making system comprises two parts as follows: 
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1. Server Side: consists of five Java application forms. It allows the leader of the 

decision-making team (usually the Project Manager) to specify the basic 

details of the decision-making issue (such as decision options, team members 

involved, etc. ) and to transmit these to all team members. Also, the server 

enables the leader to collect the information that the team members send (such 

as decision criteria, importance of decision makers, contribution degree 

between criteria, and rankings of decision options based on the agreed). It then 

proceeds with operations and calculations using fuzzy set theory based on the 

information. The system finally recommends the preferred decision via the 

server and communicates this to all members of the decision-making team. 

Textual information placed in the application forms aids users to understand 

the decision-making steps taking place during the whole decision-making 

process. 

2. Client Side: serves the decision-making team members by providing four Web 

forms in which four Java applets are embedded. During the decision-making 

process, the application forms and the Web forms are initiated in turns. The 

team members receive information that the leader sends to them and submit 

any inputs required at the client side. The input submitted, as numeric values 

or in fuzzy linguistic terms, is saved by the server once the user hits the 

appropriate button in the forms. The Web forms at the client side could be 

viewed and completed wherever the Internet connection is available. There is 

guidance at the top of each Web form for completing the forms, written using 

HTML. 
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The implementation of the prototype decision-making system revealed that 

collaborative decision-making in construction project teams can be performed with 

the aid of a Web-based decision-making system and that fuzzy logic can be applied to 

tackle the uncertainties and imprecision in the decision-making process. A generic 

scenario and a construction industry scenario were used to evaluate the prototype 

decision-making system. The two evaluations were carried out with selected 

researchers (working in universities and industry) and academic staff in the 

department with considerable experience of the construction industry. The evaluation 

confirmed that, in spite of the improvements required to make the system more 

robust, it does proffer many benefits in facilitating collaborative decision decision- 

making in construction. 

7.3 SUMMARY OF THE SYSTEM'S ADVANTAGES 

The advantages (over conventional approaches to group decision-making) that the 

prototype decision-making system offers to construction project teams, especially 

members that are geographically distributed, can be summarised as follows: 

" It is an effective tool for collaborative decision-making between team 

members staying in different locations (even different countries) when 

physical meetings are inconvenient and/or expensive; 

" It provides a natural way to express preference for decision makers when 

information is inadequate or numeric scores are inappropriate; 

" It supports objectivity in group decision-making by enabling team members to 

select the optimal decision alternative without the unhealthy personal biases, 

influences and conflicts often present in collocated project teams; 
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9 It is a generic tool that could be used for a wide range of decision-making 

situations and at all stages in a construction project; 

" It encourages team members to bring their own disciplinary or individual 

views or information to the collaborative decision-making process; 

" It enhances collaborative working because of the server that integrates the 

whole team's opinion and sends feedback to each team member; 

" It saves time for practitioners in their busy schedule as the team members can 

complete the Web forms whenever they are available; 

9 There is the potential for cost savings as the system can facilitate quicker 

collaborative decision making; 

" It provides the basis for further applications of fuzzy logic in decision-making 

in construction industry; 

" It represents a considerable improvement to the existing group decision- 

making processes in the construction industry. 

In real construction practice, decision-making often relies on a lot of technical data. In 

the five stages of construction (Evbuomwan and Anumba, 1996), especially the 

design stage; every discipline needs to do some calculations. The calculations may be 

related, e. g. the structural engineer needs data from the gcotcchnical engineer during 

the design of a building. During or before a decision-making session, the data need to 

be exchanged and discussed. The prototype system does not have in-built provision 

for communication between individual decision makers during the decision-making 

process and this may make ranking decision options difficult in some complex casts. 

However, there is nothing to stop members of the team discussing by telephone, email 

or other means before completing the Web forms. 
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Another limitation of the prototype system, as currently implemented, is that the 

number and flow of the application forms and the Web forms is fixed. In complex 

decision-making scenarios, there may be need for more flexibility to better represent 

the sub-steps during the decision-making process. 

7.4 CONCLUSIONS 

The following conclusions can be drawn from the research: 

1. Concurrent Engineering is being adopted in the construction industry and its 

implementation is reliant on appropriate support for collaborative decision- 

making; 

2. Collaborative working can be enhanced with the support of appropriate IT 

applications; 

3. Fuzzy logic offers great potential for application to collaborative decision- 

making; but current fuzzy logic-based approaches do not adequately address 

collaborative decision-making, particularly in the construction field; 

4. The prototype decision-making system presented in this thesis represents a 

unique and innovative approach to collaborative decision-making in 

construction project teams that: 

" serves as a Web-based medium for integrating the views of geographically 

distributed members of a construction project team when a physical 

meeting is inconvenient, time-consuming, and expensive; 

" is distinct from existing decision support systems and group decision 

support systems as it does not store any specific knowledge about the 
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decision-making issue; as such, it can be used for a wider range of 

decision-making scenarios; 

9 has successfully utilised fuzzy set theory for dealing with fuzzy linguistic 

expressions during the decision-making process in collaborative 

construction project teams. This has been achieved through adopting a 

series of definitions and operational principles of fuzzy set theory and 

adapting an existing technique - Fuzzy Structural Modelling (FSM); 

5. Java development tool packages such as Virtual J++ and Symantec Visual 

Cafe, do have capabilities that can be very helpful in rapid prototype 

development. 

7.5. RECOMMENDATIONS FOR FURTHER RESEARCH 

This research project has revealed a number of areas for further research and 

development. These are discussed with respect to the prototype application, fuzzy- 

based collaborative decision-making, and concurrent engineering in construction. 

7.5.1 The Prototype Collaborative Decision-Making System 

A number of ways in which the prototype decision-making system can be enhanced 

include the following: 

1. Further improvements to the system with respect to: 

" automating the generation of sub-decision-making steps from an initial set 

of primary decision-making steps; 

" integration of comprehensive online communication facilities to help 

decision makers communicate bilaterally, if necessary; 
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" enhancing user-friendly functions to smooth away system implementing 

difficulties, e. g., examine and reject improper data, generate a warning 

message when the system has insufficient inputs, display estimated data 

processing time; 

0 improvements to the user interface through better screen layout, better user 

guidance, and choosing data from supplied ranges rather than typing in 

data. 

2. Further investigation of more uncertain or imprecise facets that collaborative 

decision-making teams may have in any particular construction stages and add 

more functions to the system to enable it to cope with more specific situations 

while retaining its generic feature; 

3. Further testing using a wide range of live projects is still necessary as the 

feedback from these can further demonstrate the system's applicability to 

different decision-making scenarios; 

4. Exploration of possible linkages with other packages, such as geotechnical 

information systems, material cost systems, or specific knowledge-based 

systems. This might benefit decision-making on some specific issues. 

7.5.2 Fuzzy-Based Collaborative Decision-Making 

Areas for further research with respect to the application of fuzzy logic to 

collaborative decision-making, include: 

1. The development of a comprehensive collaborative decision-making system 

that not only recommends the optimal solution but also analyses the agreement 

degree of each team member, discloses how the solutions are linked with the 

criteria. This may involve the application of further aspects of fuzzy logic 
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theory, such as many-valued first-order fuzzy logic, linguistic logic, and 

approximate reasoning. 

2. Since collaborative decision-making occurs almost throughout the whole 

construction process but in some stages the participants from some disciplines 

interact more than those from other disciplines. Therefore, the development of 

the collaborative decision-making tools and techniques geared explicitly 

towards different construction stages, especially for those where more team 

members and conflicts are involved, is required. 

7.5.3 Implementation of Concurrent Engineering in Construction 

Future research in the context of concurrent engineering in construction and 

collaborative decision-making would include the following: 

1. Development of strategies for the application of concurrent engineering in 

collaborative decision-making from the perspectives of both the construction 

process and construction participants. During construction processes, 

downstream participants have little or no influence at the earlier stages 

(Anumba and Newnham, 2000); and a typical project involving up to six or 

more different professional disciplines. Thus the collaborative working 

strategies smoothing down the construction process and also considering 

disciplinary needs deliver effective tools for the implementation of concurrent 

engineering; 

2. Research should be conducted into integrating heterogeneous software tools 

that are being used by different disciplinary participants in a construction 

project. Adoption of systematic Web-based techniques could meet the needs 

of the construction industry in implementation of concurrent engineering. 
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7.6 Closing Comments 

Collaborative decision-making is an important component of the implementation of 

concurrent engineering in construction. A review of current works has shown that 

none of the existing approaches to collaborative decision-making adequately 

addresses the needs of distributed construction project teams. This thesis has 

demonstrated how collaborative decision-making within virtual construction project 

teams can be significantly enhanced by the use of a fuzzy-based decision-making 

system. In particular, fuzzy logic is applied to tackle uncertainties and imprecision 

during the decision-making process. Making the system Web-based also ensures low- 

cost accessibility for the wide-range of organisations involved in the construction 

supply chain. The approach encapsulated in the prototype system can also be used for 

generic decision-making scenarios, as it represents a substantial advance over existing 

approaches. 
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APPENDIX 2 

INDUSTRY SURVEY- 
COLLABORATIVE DECISION MAKING IN 

CONSTRUCTION PROJECT TEAMS 

As mentioned in the accompanying letter, this questionnaire is concerned with collaborative decision making 
in construction project teams. Most of the questions have tick boxes, but please use additional sheets of paper 
if you wish to expand on your answer. Thank you. 

A. Background Details 
1. Which of the following best describes your role on construction projects? 

R Client r-I Architect E Structural Engineer E]Contractor J Quantity Surveyor 
Mechanical/Electrical Service Engineer Material Supplier 

2. Are you chartered? Yes No Professional Bodies 

3. What is your experience of being involved in construction projects? years 

B. Group Decision Making 
1. Which disciplines do you collaborate with at the various stages of a construction 

project? (please tick all that apply) 

Briefing Preliminary Detailed construction Actual 
Design Design Planning Construction 

Client 
Architect 
Structural 
Engineer 

_ Quantity 
Surveyor 
Mechanical/ 

Electrical 
Engineer 

Contractor 
Material 
Supplier 

_ Others 

2. How often do you attend project team meetings solely for decision making? 

Very often Ofte Occasionally Never 

3. a)How do you usually exchange information with other participants? 

Physical MeetingjTelephone IEmaiI Post(Physical Drawingsl Post(Drawings on disks 

b)How often do you use Inter-net for information / communication? 

Very often IOften Occasionall Never 

4. a) Are there any Information Technology (IT) tool/techniques that are used to support 
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your decision making process? Yes No 

b) If yes, please state what they are and how they facilitate group decision making? 
Tool/Technique Role 

5. To what extent do you think the participants' personalities (e. g. position, experience, etc. ) 

affect the outcomes of decision-makings? ways Piten 10ccasIona y ever 

6. a) How often are you asked to contribute to collaborative decision making? 
[Always Often Occasionall Never 

b) When asked, are your contribution accepted ? Always en ccasiona y eve 

7. a) In project team decision making, are the contributions from all disciplines equally 

weighted? Alway Ofte Occasionall Never 

b) When unequally weighted, are there any criteria used to rank the contributions? If 

yes, please specify: 

c) Could you please rank the weightings of the contributions from the following 

disciplines quantitatively: 

Client ArchitectI Structural Enginee=Quantity Surveyor 0 

Mechanical/Electrical Service Engineei Contracto4 jMaterial Supplier= 

8. Do you consider Collaborative Decision Making (CDM) better than individual 

disciplines acting on their own? I Always Ofte Occasionally Never 

Advantages of CDM 

Disadvantages of CDM 

9. When there is deadlock in decision making with other participants on a project, how do 

you usually resolve them? By: 

Piscussion Voting lient Veto Project Manager's Veto they: 

Apart from the above method, are you aware of any efficient tools from which generate 

a solution that satisfies all participants? 

If yes, please state 

10. Please state what aspects of your current group decision-making practice you 
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consider worthy of emulation 

C. Handling of Uncertainties 

1. Are there any vague views / information that you find very difficult to handle with 

existing methods during your decision-making process? Yes No 

If yes, please describe 

2. How do you cope with group decision-making when the information supplied is not 

adequate quantitatively? 

3. Are you aware of any tools and techniques to assist you when there is a lack of data in 

the information available, which means you can only have qualitative analysis, for group 

decision-making? I Ye. No 

If yes, please specify 

3. Are there any vague views / information that you find very difficult to handle with 

existing methods during your decision-making process? Ye No 

If yes, please describe 

D. Potential Improvements 

1. In what ways do you think collaborative decision making on construction projects can be 

improved? 

2. How do you think the views of all appropriate team members can be objectively 

considered in group decision-making? 

3. Any other comments? 
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A Fuzzy-Based Decision Making System for Construction Project Teams 

Evaluation Questionnaire 

This evaluation questionnaire should be completed following a demonstration of the operation of the prototype 
system. 

A. Information about Respondents 

Specify role carried out or position held (e. g. project manager, design consultant, engineer) 

Area of experience (e. g. civil engineering, building, etc) 
Experience in/with construction industry (years) 

B. Evaluation of the Prototype System 
(Please put a tick in the box that best represents your assessment of a question) 

Ranking 
1 is poor &5 is excellent 

TEAM WORK 1 2 3 4 5 
1 How well does the system facilitate group decision making by geographically 

distributed project team members? 
2 How well does the system encourage objectivity in group decision-making? 
3 How well does it eliminate unhealthy and antisocial behavior in group decision- 

making? 
4 How appropriate is the role of the decision-making team leader as implemented 

in the system? 

APPLICABILITY TO PRACTICAL DECISION-MAKING CASE 
5 How appropriate are the linguistic terms for ranking decision criteria/options? 
6 How well does the system deal with fuzzy linguistic expressions during the 

ractical decision-making process? 
7 How accurately does the system structure actual decision-making procedure 

(any major aspects/steps missed or unnecessary)? 
8 How appropriate are the limitations on numbers of team members, criteria and 

solution options in the system? 
9 How accurate was the final decision suggested by the system? 

MANAGEMENT OF SYSTEM INTERACTION 
10 How attractive is the graphical user interface of the system? 
11 How easy is the use of the system? 
12 How easy/clear are the instructions for completing the forms? 

13 To what extent does the system allow the choice of the optimum decision 
option? 

14 How easily can the system's output be understood? 

EFFICIENCY 
15 How convinced are you that the system can be used easily within a project 

team, particularly in a concurrent engineering environment? 
16 How efficient is the overall method for decision-making within a construction 

ro'ect team? 
17 To what extent does the fuzzy-based approach adopted in the system benefit 

collaborative decision-makin within a construction project team? 

GENERAL 
18 Rate how confident you are with com uters (enerall ) 
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19 How generic do you consider the system to be? 
20 What is your overall rating of the system? 

C. General Comments 

1. In what ways can the system be improved? 

2. Further comments: 
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