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ABSTRACT

This research develops a model for predicting design cost overruns and underruns
on commercial building projects. The model uses fuzzy logic to relate characteristics of
the project with potential risk events to predict a percentage cost overrun or underrun
above or below the estimated fee. The research identifies and discusses the most
significant project characteristics and risk events on design projects, discusses issues
related to scope creep and the importance of project scope definition, develops the
framework for a model using fuzzy binary relations, and implements and tests the model
in a computerized environment.

A local consulting engineering firm participated in the research by identifying the
need for this research, offering their expertise and knowledge to help determine the
factors for the model, and providing data for development and testing of the model. The
data was solicited through interviews with project managers within the company,
gleaning information from their knowledge base of project management, and from their
experiences on specific design projects. Through testing and calibration of the model, the
model was proven successful in accurately predicting design cost overruns and
underruns, both in numeric form and using linguistic descriptors.

The model proposed in this research is for use during the design phase on
commercial building projects. It provides project managers with a tool to aid in the
decision-making process when estimating and negotiating fees. The use of fuzzy logic in
the model enables both the user input and the output to be described in subjective terms,

which suit the nature of the decision-making process used in establishing design fees.



The model therefore demonstrates the usefulness of fuzzy logic in modeling decision-

making processes used in the construction industry.
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1. INTRODUCTION
1.1  Introduction

Research in the construction sector is mainly focused on management of the
construction phase of a project rather than on the design phase. Eldin (1991) believes one
reason for this is that the cost of the construction phase is much higher than that of the
design phase. There are many more tools in place to help manage construction such as
estimating programs, monitoring and tracking programs, scheduling programs, tools to
aid in the management of resources such as personnel, equipment and materials, and °
many more. Design management, on the other hand, is much less structured, less
organized and the process less monitored. This allows for a greater potential for an
unsuccessful project.

A project may be deemed unsuccessful for many different reasons. For example,
success can be measured from customer satisfaction, user satisfaction, ease of
construction, design effectiveness, design quality, efficiency, productivity, timeliness,
and profitability. For most design firms though, the bottom line will be the cost of design
and whether the appropriate fee for the work was paid. The catalyst that began this
research was the issue of scope creep, which is quite often the cause of cost overruns.

Although the design phase represents a small portion of the overall cost of a
construction project, McGeorge (1989) believes that “constructability and value
engineering yield construction cost savings of ten to twenty times the cost of the extra
design input.” The catch is that since the cost of design is so much less then the cost of
construction, it actually requires a significant increase in design effort for a small

reduction in construction cost. For example, McGeorge claims an increase in design



input of 50% will lead to a 10% savings in construction costs. But a better design and
better management of the design process will lead to a more organized and controlled
project and therefore a more successful project. Design deviations account for
approximately 60% of construction project deviations, and poor quality design and
engineering can cost a project almost 10% of the total cost of the project according to
Bubshait et al. (1999). On a construction project everyone must work as a team. We
are all aware of the old adage “a chain is only as strong as its weakest link”; this can also
apply to a construction project. Therefore it only makes sense that proper design
management and control should be an important issue, and not only to the engineering
design firms but to the construction industry as a whole.

The problems associated with design costs and risks in the design phase are often
problems that will continue throughout the entire project, thereby affecting the
construction phase and the cost of the entire project. Being aware of these problems at
the onset of the project and taking steps to minimize the risks they present will benefit the
entire project and all parties involved. Due to limited project tracking during design, it
may not always be obvious when a project runs off track of the estimate and why the
project is over budget. The model presented in this thesis will help to identify why
potential problems on the project may arise, what the problems will be, and the potential
outcome on the project cost. If a project manager is aware of these problems at the onset
of the project, the project manager may then take more care in controlling the project and
potentially preventing higher project costs than anticipated. For this research, the design
phase is relative to the work of the engineering design consultant, who is hired after the

project conception and after the project requirements have been determined.



1.2  Controlling and Defining Scope

A lack of scope definition at the onset of a project is one of the main causes of
cost overruns during design. A cost overrun occurs when the actual cost of the design to
the design firm is above the fee paid to the design firm to complete the work, assuming a
project fee estimated at the onset of the project. The Construction Industry Institute’s
publication on Scope definition and control (1986) ranks the loss of scope during
engineering as having the second highest impact on cost overruns. Dysert (1997) claims
that “poor scope definition at the estimate stage and loss of control of project scope” are
the most frequent contributors to cost overruns. A poorly defined project is subject to
changes initiated by the client that will require extra work and effort by the design team
to complete. Minor changes to the scope throughout the design phase can add up and
lead to major cost overruns on the project. This is known as creeping scope. Scope creep
is the addition, as development proceeds, of new features to a project that are above and
beyond what the original contract called for. With a poorly defined scope there is no
baseline against which changes can be evaluated and monitored to identify those that are
not within the original scope of work. According to Dumont et al. (1997) these changes
may result in cost overruns and a greater potential for disputes. Dumont also claims these
changes may “delay the project schedule, cause rework, disrupt project rhythm, and
lower the productivity and morale of the workforce.” But an increased level of scope
definition will “improve the accuracy of cost and schedule estimates as well as the
probability of meeting or exceeding project objectives.” A survey done by Bresnen et al.
(1991) showed that of projects surveyed that were over budget, 40% of the time it was

due to additional work and/or design variations.



Scope creep is a problem that is often easily identified by project managers on
their projects, but they may have reasons for not pointing out to the owner or architect
that extra work is being done. Often the amount of extra work is minimal and the project
manager may want to avoid confrontation with the owner and so will not ask for extra
money as it could affect future relations with the owner. Another factor that affects
whether a consultant receives extra money for extra work done is the prime consultant.
The prime consultant may be unwilling to approach the owner for extra fees or perhaps it
is a contract issue not allowing them to. Some contracts between the prime consultant
and the owner will stipulate that all extra work will be done at a specific rate, which may
be much less than what the consultant would normally charge, again causing the
consultant to lose money. All these minor amounts of extra work can add up and create a
large difference to the bottom line.

A poorly defined scope can also be caused by internal problems within a design
firm. If the project manager does not adequately define the project and tasks to be done
to the designers and drafters, extra work may be done due to lack of direction. A project
manager must have good communication with the design team and provide guidance and
direction to ensure everyone is working towards the same goal. Misunderstandings and
misinterpretations between parties working on the project can cause problems such as
rework and extra work and will invariably cause disputes between the parties. Good
communication, good organization and control, and proper scope definition are therefore

important elements of a successful project.



1.3  Background to the Topic

Sun (2000) developed a model for use in evaluating and predicting design
performance. Her work identified factors that affect design performance and created a
fuzzy expert model to predict the impact of these factors on design performance. She
developed a list of fourteen input factors, each with multiple sub-factors, and three output
factors to measure design performance. The input factors deal with company
characteristics, market conditions, project characteristics for design and construction
phases, and characteristics of the owner and vendors. The output factors were cost,
schedule and accuracy of design documents. Data was collected using a mail-out survey
questionnaire asking questions that elicited numeric and linguistic responses from experts
in the field of industrial construction engineering. The survey was mailed out to
numerous industrial contractors in Alberta and British Columbia.

Originally, this thesis project set out to further develop Sun’s model by changing
certain characteristics of the model, changing the data collection techniques, and refining
the model. The major change of the model was to change the focus from industrial
construction to commercial building construction. The intent for data collection was not
to use a mail-out survey but instead to work with one specific company and have access
to their projects and personnel to collect the data necessary for the model.

A local design firm was targeted to approach and ask for cooperation with the
data collection portion of the research. This company was chosen based on their
reputation in the community, their involvement with the University of Alberta, the type
of work they were typically involved in, the size of the company, and their willingness to

contribute to construction research. The company reviewed the proposed research topic.



Although they liked the idea, they suggested that a more pressing topic to research, and
one that they had in fact set up a task force to address, is the issue of scope creep.

They found scope creep particularly to be an issue because when preparing an
estimate, most engineers did not have much time to prepare it and therefore were not able
to take the time to properly define the scope. The company needed a tool to help this
process and make it quick and easy for the project manager or engineer to define the
scope of work. A checklist of scope items was proposed as an output of the future
research.

The first attempt at modeling the problem of scope creep was to use the fee
proposal letter and to compare the work breakdown used to prepare the estimate with the
actual work that was done, and to compare the estimated and actual cost breakdowns.
The plan was to identify deviations in the scope, determine how to quantify these
changes, identify the factors causing the changes, and determine the impact on the cost or
schedule. The data was to be gathered from the project files. After reviewing project
files it was quickly realized that the data necessary was not available.

The method of attacking the problem of scope creep was subsequently revised to
determining the characteristics of a project that make it more prone to scope creep,
looking at the risk factors during design and construction that lead to scope creep, and
assessing scope creep based on its impact on the project cost. Data was to be
accumulated not from the project files but from interviews with the project managers.
This, however, would be impossible to do because cost impacts from scope creep could

not be singled out of the total project cost and so the scope was broadened, arriving at the



current topic, to cover all factors (including scope creep) and risks that lead to cost

overruns on a project.
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Thesis Objectives

The objectives of this thesis are as follows:

1.

To develop a checklist of items requiring proper definition prior to design in
order to achieve proper scope definition.

To identify the characteristics of a design project that contribute to cost overruns.
The characteristics that have the greatest potential to affect project performance
and the most frequently occurring adverse project characteristics will be
identified.

To identify the risk and opportunity events that contribute to cost overruns and
underruns. The most common risk/opportunity events found in projects and
those having the greatest impact on project costs will be identified.

To create a model that will accurately predict cost overruns and underruns, as a
percentage of the contract fee, based on the degree of existence of certain project
characteristics and the degree of occurrence of certain risk/opportunity events.

To show the usefulness and applicability of modeling construction problems

using fuzzy set theory.



1.5  Research Methodology

As described in a previous section, the topic for this thesis was arrived at through
consultation with a design firm, which was instrumental in identifying the need for and
relevance of this research. After determining the problem to be addressed and the input
and output of the model, a literature search was done to identify project characteristics
and risk events that affect construction design projects. Engineers from the cooperating
company then helped to refine the factors in the model by identifying those that had the
greatest impacts on their projects and were recurring events.

Data were collected by interviewing project managers and other personnel within
the company. First, a panel of experts was assembled to determine the standard strengths
to be hard coded into the model. Then further individual interviews were done with the
project managers to collect data on previous projects that were used to test the model.
Two questionnaires were developed in order to conduct these interviews. This process
will be discussed further in Chapter 4.

The model was programmed into Visual Basic 6.0 in order to ease the process of
inputting data and calculating the output. Using the data obtained from the project
manager interviews, the accuracy of the model was tested by comparing the predicted
outputs to the actual cost overruns or underruns. The model required some calibration to
produce more accurate results, and was then retested to the satisfaction of the evaluation

criteria developed.



1.6  Thesis Outline

The introduction to this thesis discussed the relevancy of the chosen topic and
some background data to define the issue of scope creep and reveal the process that
identified the need for this research.

Chapter 2 is a literature review on other research that identifies problems that
contribute to design cost overruns and models the effects on design projects. Fuzzy logic
and fuzzy set theory were also researched. This chapter identifies models of construction
applications that use these techniques. Binary relations, the technique used in this
research, are introduced and discussed and multiple composition operations and methods
of defuzzification are reviewed.

Chapter 3 identifies and discusses the project characteristics and risk events that
were chosen for use in this model. It explains the framework of the model, how the
factors are related to each other and the output, and describes the calculations used by the
model. The applications and uses of the model are also explained.

Chapter 4 reviews the data collection process. Data for testing the model and
calculating the output was solicited from project managers using interview
questionnaires. The development of the questionnaires, the interview methodology, and
an analysis of the data received are discussed in this chapter.

Chapter 5 provides the testing, calibration, and validation of the model. The
performance of the original model was unsatisfactory, but calibrations to the model

improved its accuracy with respect to the data collected on completed projects.



Chapter 6 reiterates the thesis objectives and concludes this thesis. The
limitations of the model are discussed and suggestions made for future development of

the model.
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2. Literature Review
2.1  Introduction

Literature on design cost control and cost overruns is very limited. Many of the
factors that affect design costs have been identified and studied, but no tools are currently
in place for predicting design cost overruns. Project management of the design phase is
under-researched in comparison to the amount of research that has been done on project
tracking, monitoring and control for the construction phase of a project. Factors for the
model proposed in this thesis were chosen partly by a literature search that reviewed
those issues that are important to design work, and partly through discussion with project
engineers and other personnel working with a design firm. The first part of this literature
review will cover studies that have been done on factors that affect design costs. The
next sections are on fuzzy logic, modeling with fuzzy logic, and the techniques that are
used to create the proposed model.

As mentioned, studies have been done on the factors that influence design costs
such as work done by Cox et al. (1999). The authors claim that changes in design that are
made after the construction contract is awarded will incur costs of 5 to 8%. The most
common reasons for changes in design are:

e Designer’s omissions in tender documents,

o Coordination defects in tender documents,

o Change forced upon the project from shop drawing coordination,

¢ The employer has changed his requirements, and

¢ New information on existing ground conditions.

11



Glavinch (1995) reports on the issue of constructability and its effect on the
construction process. Here the author suggests that the architects and engineers are
responsible for the constructability of their designs and should realize that poor
constructability will slow down or impede construction and lead to delays, insufficient
use of resources, and out-of-sequence work. This not only affects the construction
contractor, but the design firm as well. The designer is responsible for possibly re-
designing, solving problems regarding the design, answering questions when the contract
documents are not clear, and attending meetings and making site visits to rectify the
situation. These tasks all cost the consuitant extra money that was not originally

anticipated.

2.2 Models of Factors Affecting Design Costs

A model designed by Love et al. (2000) uses the factors that contribute to design
errors to simulate practical scenarios in order to reduce design errors, which will
subsequently reduce rework in construction. Love reports that the direct costs of rework
in construction projects are 10-15% of the contract value and the main causes of rework
are design changes, errors and omissions. The model is to be used to assist architects and
engineers with particular situations they may be faced with when managing a project.
The issues the model deals with are:

1. Productivity and accuracy of selected project staff from company resources or

new employees;
2. Assigning design tasks to project staff;

3. Error proneness during design; and

12



4. Re-designing due to errors found by the construction contractor in the contract

documents.

The output of the model includes the number of tasks designed erroneously, the
time necessary for design completion, extra time necessary for construction completion
due to errors in design, the number of activities needing redesigning, and the effort spent
on re-design in person-weeks. Output can be given for different scenarios involving
differing experience of design personnel, shortened or lengthened design time, and uses
of out-of-company resources. The model presented here uses the simulation package
Powersim CONSTRUCTOR 2.5 to write the computer code and convert influence
diagrams into flow diagrams that model the processes.

The authors claim industry practitioners have tested and validated the models
ability to predict the behaviour expected of the input situation. This model is simply a
tool to assist a project manager with his or her management strategies and decision-
making and demonstrates the significance of the impact of design errors on the
construction process. Although this model seems quite effective in modeling the causes
and effects of design errors, design errors are only one of the many factors that contribute
to design cost overruns.

Scope creep and scope definition, which are discussed in the previous chapter, are
important factors that affect design cost overruns. The Construction Industry Institute
(CII) has performed significant studies into the issue of scope definition. The CII
prepared a publication entitled ‘Scope Definition and Control’ (1986) that discusses the
effects of a poorly defined scope on the estimate and quantity take-offs, and changes to

the project scope. A further study by the CII produced the ‘Project Definition Rating

13



Index’ (PDRI) for industrial projects (Dumont et al., 1997), and a PDRI for commercial
building projects (CII, 1999).

The PDRI is a “powerful and simple tool” that offers a “method to measure
project scope definition for completeness” (CII, 1999). It is essentially a checklist of
scope definition elements broken down into three sections: basis for project decision,
basis of design, and execution approach. These sections are further broken down into the

following categories:

¢ Business strategy ¢ Owner philosophies

e Project requirements ¢ Site information

¢ Building programming ¢ Building/project design parameters
¢ Equipment e Procurement strategy

e Deliverables e Project control

e Project execution plan

A score sheet accompanies the checklist which the user can use to rate the
definition of each of the scope elements on a scale from 0 to 5. Each rating of each
element has an associated weight; these weights are summed up to produce the total
score. A score of less than 200 signifies excellent project scope definition whereas a
project with a score greater than 200 may have cost and schedule issues as well as a
number of change orders. The difference between a positive score (<200) and a negative
score (>200) is cited as a 1% cost underrun versus a 6% cost overrun.

The PDRI is applicable to a number of different building projects such as offices,

banks, shopping centers, airports, athletic facilities, and many more. It can be used by

14



owners, designers and constructors to evaluate the project and to help identify poorly
defined project scope definition elements.

The PDRI is a very useful tool for evaluating a project and helping to define the
project scope. Again, the issue of scope definition is just one of the many factors that can
cause cost overruns for a design firm. The checklist provided is quite broad as it covers
the owner’s, designer’s and contractor’s responsibilities, so any company wishing to use
it may need to tailor it to suit their project tasks.

Kometa et al. (1996, 1995) have researched the risks inherent to consultants due
to the client on a project. The research has found that “‘a plethora of client attributes
affect project implementation.” Consultants have typically focused only on a client’s
financial status as a means of evaluating and assessing the client. The model proposed by
Kometa takes into account other attributes of the client and evaluates their possible
effects on “project performance and financial well being of the consultants.” The model
was validated by using historical project data from 29 construction projects and
questioning the respective consulting firms on the client’s attributes at the onset of the
project.

The list of attributes used in the model is quite extensive and covers the areas of:

e Project feasibility ¢ Client duties

¢ Financial stability e Past performance

e Project characteristics ¢ Organizational quality
e Past experience ¢ Quality of management
o Current market conditions ¢ Client characteristics

15



Each main attribute has anywhere from 1 to 10 sub-attributes. The attributes are
all given a weight constant that signifies the influence that attribute has on the project
performance, and a merit value signifying the extent that the attribute will affect the
performance and commercial viability of the consultant. These two values are multiplied
to get the risk exposure index.

The model uses the project outcomes of time, cost, fees and quality in order to
determine the success of the project. The data for time, cost and fees are obviously based
on the actual numbers for the project; quality assessment is based on ratings, given by the
consultant, of functionality, technicality, aesthetics, comfort, and prestige. A weighting
is calculated for each outcome and combined to get the Aggregate Project Outcome
(APO), expressed as a percentage. The final output of the model is the overall risk
exposure, /, expressed as a percentage, that a consultant faces in accepting work from the
client.

The model is intended to be used by consultants, or possibly contractors, to
evaluate a client and their project, but can also be used by the client as a self-assessment
tool. The model cannot be used until the consultant has adequate information on the
client and the project, but early implementation of the model will help the consultant to
determine their risk exposure if the work is accepted. This model appears quite
comprehensive, but again, the client is only one of the risks inherent to a consultant on
construction projects. The model should evaluate the entire project team, i.e. the
architect, prime consultant, and other consultants and specialists, in order to accurately

evaluate the risk to the consuitant.
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The work of this thesis advances the topic of design cost management by
developing a model that predicts design cost overruns by accounting for a multitude of

factors that cause cost overruns.

23  Uses of Fuzzy Logic in Construction

Construction applications are increasingly using computer modeling techniques to
help make decisions and estimate costs, performance, quality or time. Fuzzy set theory
and fuzzy expert systems are used increasingly in situations where little deterministic
data are available. Fuzzy logic and fuzzy set theory were invented by Zadeh in 1965, and
has since been continuously used and taught in many sectors of industry. “Fuzzy set
theory was originally devised to model uncertainty associated with human perception or
subjective probability judgments” (Nguyen, 1985).

Due to the imprecise nature of many factors that affect construction projects, and
a general lack of data for proper quantification of factors, fuzzy logic lends itself nicely to
many construction applications. The measurement of construction factors is often
subjective and uncertain where actual data are not available or when the data comes from
the experience and judgment of those in the industry. For this reason, fuzzy logic is
being used more and more to model construction issues where the process was previously
only available in the mind of an experienced construction employee. Fuzzy logic
supports the use of linguistic variables such as “high experience” or “bad weather” and
allows for ranking or subjective rating of factors used in models.

Fuzzy set theory has been used for construction management applications such as

risk assessment (Kangari and Riggs, 1989; Tah et al., 1993; Guyonnet et al., 1999) and
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pricing construction risks (Paek et al., 1993). It can also be used for project control
issues such as scheduling (Ayyub and Haldar, 1984), estimating precipitation impacts for
scheduling (Smith and Hancher, 1989), project network analysis (Lorterapong and
Moselhi, 1996), cash flow analysis (Boussabaine and Elhag, 1999), evaluating alternative
construction technology (Chao and Skibniewski, 1998), crane selection (Hanna and
Lotfallah, 1999), and assisting in selecting corrective actions when problems arise on the
construction site (Russell and Fayek, 1994). The bidding and tendering phase of a project
can also benefit from fuzzy set theory with models that aid in contractor pre-qualification
(Elton et al., 1994), tender evaluation (Nguyen, 1985), and setting a margin or mark-up
for bidding on construction projects (Fayek, 1998).

There are many software systems available that support fuzzy axpert systems,
such as Matlab, and System Z-II described by Leung and Lam (1988). Fuzzy expert
systems utilize If-then rules for reasoning and membership functions to handle linguistic
variables. They have been used for construction applications such as cost estimating
(Mason and Kahn, 1997), risk management (Kangari and Boyer, 1987), resource
allocation (Chang et al., 1990), and industrial applications such as controlling the
operation of cement kilns (Holmblad and Ostergaard, 1982).

The concepts and definitions in fuzzy logic are explained well in books by Klir
and Yuan (1995), Klir, St. Clair and Yuan (1998), Pedrycz and Gomide (1998), Yager
and Zadeh (1992) as well as other books and articles by these authors.

The model presented in this thesis uses fuzzy binary relations and fuzzy set

operations to calculate the output of the data. Certain operations on fuzzy binary
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relations, namely the composition operation and methods of defuzzification, will be

reviewed and discussed.

24  Modeling with Fuzzy Binary Relations

Binary relations are a fuzzy set theory technique that involves approximating the
relationship between two data sets given the degree of association between the sets. The
advantage of using binary relations is they do not rely on membership functions, which
can require substantial data sets formed on expert opinions; this is unfortunately also the
biggest weakness of binary relations because the user must provide ratings instead, which
are often subjective and relative to the user’s context. Binary relations are most simply
expressed in the form of matrices, but can also be expressed by sagittal diagrams, graphs,
tables, and other forms (Klir and Yuan, 1995).

Basic mathematical operations can be performed on binary relations, such as the
inverse and composition, and fuzzy set operations apply to binary relations such as the
complement, union, and intersection. A fuzzy binary relation can be represented by a
matrix, with the values of the matrix representing the values of the membership grades
between sets. The fuzzy relation allows for partial membership as opposed to the crisp
binary relation, which only allows for values of 0 or 1, or in other words, either the

presence or absence of association (Klir et al., 1998).

24.1. Composition Operations
A composition operation can be used to relate two binary relations producing a
third binary relation. The two sets are related through their respective relationships to a

third and common set. For example, the binary relation P(X,Y) and Q(Y.Z) have the
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common set Y, and the standard composition of these relations, denoted by
P(X,Y)°Q(Y,Z), produces the binary relation R(X,Z) (Klir and Yuan, 1995).

There exist several possible composition operations. The most common are the
maximum-minimum (max-min) composition, the maximum-product (max-product)
composition, the sum-product composition, and the cumulative-minimum (cum-min)

composition.

Max-Mia

The max-min operation is represented by the following notation:

R(x,z) = max min [P(x.y), O(y.z)] 2-1)

The max-min composition operation indicates the strength of the relational chain
between x and z based on their membership grade. The basis for this operation is that
“the strength of each chain equals the strength of its weakest link; the strength of the
relation equals the strength of the strongest chain” (Russell and Fayek, 1994). The max-
min composition determines the most likely solution based on the strongest indicator.
The author finds this method to be unrepresentative of the entire data set since it only
takes into account the maximum values in a link to take as the solution and simply
discards the rest. This would therefore give a solution that is potentially overly cautious

or overly risky.

Max-Product and Sum-Product
The max-product and sum-product operations are similar to the max-min
operation, but Bourke and Fisher (1998) claim that in certain situations the max-product

composition gives better results than the max-min composition. The max-min operation
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