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Preface

The globalisation of business and industry and the worldwide competitive econ-
omy are forcing one-of-a-kind production (OKP) enterprises to fully utilise the best
available equipment and techniques. The objective is to have efficient control of the
organisational structure in order to produce high quality products at lower prices
within a shorter period of time. With the development of modern technologies and
theories, a new generation of OKP systems is urgently required for rapid product
development (RPD) by OKP enterprises to meet today’s increasingly global com-
petition.

RPD has been recognised as playing a key role in improving the competitive-
ness of OKP companies in the global market. With rapid development of informa-
tion technology, network technology, modern management technology and other
related advanced technologies, tremendous efforts have been made in developing
new systems, algorithms and tools for the purpose of RPD through collaboration
over the Internet, e.g. Internet-based systems for product design and manufacturing,
Internet-based design for X (DFX) and Internet-based integrated systems. These
Internet-based systems can be used to rapidly produce high quality products with
low costs, bringing tremendous profit for manufacturing companies and allowing
them to stay competitive in the global market. Such systems are urgently required
in industry. However, the research and development of Internet-based RPD (IRPD)
systems for producing OKP products are still at an early stage and further research
and development in this area are becoming more and more urgent.

This book systematically reviews the historical background of the innovative
technologies for OKP product development (PD). Through systematic overview of
the existing systems and recent approaches of computer aided design and manufac-
turing systems, the problems that emerged from recent approaches have been iden-
tified. They include distributed system structure, cost optimisation algorithm, prod-
uct data modelling, production information flow modelling, DFX, computer aided
design (CAD)/computer aided process planning (CAPP)/computer aided manufac-
turing (CAM) integration technology and process modelling and distributed knowl-
edge management. To overcome these problems and to develop a new generation
of OKP systems, research and development of a PD platform has been carried out.
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The main findings from this research work are outlined. These include the introduc-
tion of rapid OKP PD, a comprehensive review of recent research developments in
OKP, new product modelling technologies, definition of the new PD platform, an
integrated information framework for rapid development of sheet metal parts, the
global data structure for global manufacturing, a CAD/CAPP/CAM integration sys-
tem, a WWW-based information management system, case studies using the plat-
form for rapid sheet metal and mould PD, and the definition and application of an
Internet-based cost estimation and optimisation framework. These research topics
and findings constitute the main contents of the book.

The aim of the book is to provide a snapshot of our recent research outcomes and
implementation studies in the field of OKP PD. The 16 chapters are divided into four
parts. The first part introduces state-of-the-art OKP PD; the second part presents
the system and framework developed; the third part introduces new methods for
modelling OKP products; and the final part presents our case studies showing the
new algorithms, methods and tools developed for rapid development of high value-
added OKP products.

As the title suggests, the first chapter gives an overview of OKP. It briefly in-
troduces the history and objectives of the OKP PD process. This is followed by
discussions on the current issues involved in OKP PD process.

The second chapter presents the historical background of Internet-based product
design and manufacturing systems for the rapid development of OKP products. By
reviewing existing OKP systems and recent approaches of Internet-based design and
manufacturing systems, the requirements for the next generation of OKP systems
and the current techniques that can be used to implement Internet-based product
design and manufacturing systems are discussed. The problems that emerged from
recent developments are reviewed and solutions are proposed. The future trends of
Internet-based collaborative design, decision support, manufacturing support, sup-
ply chain management, workflow management, Internet techniques for product de-
sign and manufacturing, product modelling, STEP-based data environment, concur-
rent engineering, etc., are also discussed. The reviewed state-of-the-art approaches
are used directly or indirectly as references for the development of new generation
OKP systems. A reference system structure for building an Internet-based integrated
PD system is then proposed to facilitate rapid development of OKP products.

Targeting product modelling, Chapter 3 presents a comprehensive review of re-
cent developments in product modelling technology. Four types of product mod-
elling methodology are discussed in detail. Two object-oriented product modelling
methods, including STEP-based product modelling and UML-based product mod-
elling are reviewed and compared. The research gaps and issues are identified. To
implement the product modelling in the current integrated manufacturing environ-
ment, a generic product modelling framework is proposed. Future research trends in
product modelling are also discussed.

To further develop the reference system structure of the Internet-based integrated
PD system into a working PD system, Chapter 4 proposes an integrated PD system
for rapid development of OKP products. The structure of the system is discussed and
case studies are carried out to test the idea of an Internet-based integrated system.
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In sheet metal processing and manufacturing there are many small- or medium-
sized enterprises (SMEs). These shops have to make every effort to shorten PD lead
time, improve production efficiency, approach high quality standards, while cutting
down costs at the same time. Chapter 5 presents a compound cutting and punching
production method supported by an integrated CAD/CAPP/CAM system. The solu-
tions include an integrated data integration platform based on Pro/INTRALINK and
STEP, and a knowledge-based real-time CAPP (RTCAPP) system for compound
sheet metal cutting and punching.

The requirements for CAPP systems have changed in the current integrated man-
ufacturing environment. Requirements have increased in terms of integration, open-
ness, real time and distribution of process planning. Systems must now be open and
dynamic with the ability to adapt and accept radical unpredictable changes in struc-
tures and industrial practices. Chapter 6 proposes an agent-based process planning
system (ABPPS) for optimal OKP PD. Agents defined to carry out tasks include an
unfolding agent, a feature recognition agent, a task agent, a nesting agent, a path
planning agent, a bending agent, a machining method selection agent, a machine se-
lection agent and a fixture/jig selection agent. This chapter provides a good example
of how an Internet-based PD system using modern agent technology is developed.

To model OKP products, Chapter 7 proposes a generic product modelling frame-
work (GPMF) that aims to provide an infrastructure for modelling various types
of product information. The outcome of the GPMF is a set of data models defined
to model product information at different stages of the development process. This
chapter discusses the structure of the GPMF and its main components.

Chapter 8 investigates the EXPRESS data model (EDM) that is developed based
on the STEP-based modelling environment and the “five-phase” modelling method.
The structure of the EDM is discussed. The elements of the EDM — schemas and the
relationships between these schemas — are presented using both EXPRESS language
and EXPRESS-G diagrams.

Chapter 9 further develops the product modelling methods into a GPMF for effi-
cient information exchange and sharing. This framework consists of four functional
components: the EDM, a STEP-based modelling environment, a “five-phase” mod-
elling method, and three EDM data exchange and sharing methods. The focus of
this research is on the modelling methodologies and the definition of schemas for
various PD activities such as manufacturing, inspection, etc., and the integration of
the schemas with other resources defined within STEP. There are 25 schemas de-
fined to ensure that the proposed GPMF is compatible and can be used to model
various types of products. To the best of our knowledge, these aspects have not been
studied extensively in the literature.

Information integration is an important issue to address in supporting integrated
and concurrent PD. Chapter 10 explores the definition and structure of an informa-
tion framework for rapid development of sheet metal parts. This framework aims
to build an information bridge to fill the gap among sheet metal part design, pro-
cess planning and manufacturing systems. A tree-based step-structure information
modelling methodology for sheet metal parts has been developed and a case study
is described.
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In the early stages of a PD process, the estimate of a developing product life cycle
cost is the primary information needed to determine the profitability of the product.
Chapter 11 presents a cost estimation and optimisation system, which is a part or
a subsystem of an integrated PD system. The PD cost under consideration in this
chapter is the sum of the costs of product design, production and logistics, which is
the main cost of a product. Some other possible costs associated with a PD cycle,
e.g. overhead costs, are normally proportional to this main PD cost and in practice,
these are estimated by adding a fixed percentage to the PD cost. Unlike some earlier
research which focused on cost estimation in a single manufacturing company, this
cost estimation system aims for PD cost estimate and optimal control under the
complexities of a global manufacturing environment. The proposed cost estimate
and optimal control system has been implemented in a sheet metal manufacturing
company.

Chapter 12 reports on research work that aims to develop an integrated data
structure to support RPD in the Internet environment. The emphasis is placed on
integrated data management and the reuse of past PD experience to support a com-
pany’s aim to shorten its PD cycle. The integrated global data structure model was
modelled using EXPRESS from STEP with the consideration of real-time data com-
munication within the Internet environment. In terms of this data structure, a de-
sign/manufacturing knowledge base was developed as a major part of the WWW
(world wide web)-based PD system. The basic principles and concepts of the knowl-
edge base and the WWW-based knowledge management system are presented. An
industrial implementation is also reported.

As efficient management of product information that covers the whole life cycle
is critical to the enhancement of corporate competitiveness, Chapter 13 explores
the design and development of a WWW-based PD information management system
for a cross-nation manufacturing corporation in New Zealand. Since product data
are often managed in a distributed computing environment, CORBA is employed to
ensure interoperability among distributed information objects. This WWW- based
information management system is discussed in this chapter.

Internet-based DFX systems have been recognised as efficient tools for imple-
menting concurrent engineering and playing a key role in RPD. Internet-based DFX
or IDFX systems can be applied by manufacturing companies to rapidly produce
high quality products with low costs and high profits. However, the implementation
of IDFX systems is not an easy task. Chapter 14 presents two typical applications of
IDFX, i.e. Internet-based design for manufacture (IDFM) and Internet-based design
for cost (IDFC) systems, for rapid and economic tool-/mould-making. The structure
and the key models of the systems are discussed.

Process planning has become very important for the OKP industry as global com-
petition to reduce product cost has intensified. An optimal process planner can max-
imise the utilisation of costly raw material resources, improve machining efficiency,
and hence reduce product costs. Chapter 15 explores algorithms for solving the path
planning issue. This work uses sheet metal products as examples and investigates
the two issues using genetic algorithms. The proposed genetic algorithm approach
uses a genetic encoding scheme and a genetic reproduction strategy to reach an
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optimum solution. Case studies are carried out to test the genetic algorithms. The
effectiveness of the genetic algorithm path planning approach is compared with that
of the ant colony algorithm.

The future trends in PD technologies are discussed, and include such topics as
Internet-based collaborative design, decision support, manufacturing support, sup-
ply chain management, Internet techniques for product design and manufacturing,
system integration, product modelling, STEP-based data environment, and concur-
rent engineering. This may be used to guide coming research, or act as a reference
for a company to deploy or develop new systems, algorithms and tools for producing
OKP products.

This book also contains an Appendix that summarises some of the systems devel-
oped for RPD. It provides the source code of the tools developed including the qual-
ity function deployment (QFD) interface, CAD/CAPP/CAM system, and database
interfacing program. These are excellent examples for users or developers.

I would like to also take this opportunity to express my deep appreciation to those
who have contributed to this book. The authors are also grateful to Ms Bomiao Li
and Ms Jenny Xu for their assistance in compiling the book. It is our sincere hope
that readers will find this book useful to their study and research.

Auckland, New Zealand Shane (S.Q.) Xie
September, 2010
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Part I
State of the Art



In today’s global market, more and more manufacturing companies have realised
that the ability to quickly develop a customised product in an economic and efficient
way 1is critical for them to survive in today’s competitive international market. This
is particularly true for those small or medium-sized one-of-a-kind production (OKP)
companies. A new generation of OKP systems needs to be developed to help these
companies maintain competitiveness in the global marketplace and improve the abil-
ity to rapidly combine the strengths of manufacturing partners to meet market needs.

Part I of the book, as its name suggests, aims to provide a comprehensive state-of-
the-art review of recent developments in the methods, tools and systems for rapid
development of OKP products in order to achieve high profits. This part includes
three chapters.

Chapter 1 discusses the main objectives of rapid OKP development in the global
manufacturing environment. In this chapter, the background of recent approaches
for rapid development of OKP products is reviewed. After systematically reviewing
the existing OKP systems and recent developments of new technology and systems,
the authors discuss current issues and requirements for developing a new generation
of OKP systems for rapidly producing OKP products.

Chapter 2 reviews the historical background of product design and manufactur-
ing systems for rapid development of OKP products. Through over viewing the
existing OKP systems and recent approaches to product design and manufacturing
systems, the author will discuss current techniques that can be used to implement
product design and manufacturing systems to produce OKP products. The problems
that emerged from recent developments are summarized in this chapter. The fu-
ture trends of Internet-based collaborative design, decision support, manufacturing
support, supply chain management, workflow management, Internet techniques for
product design and manufacturing, product modelling, STEP-based data environ-
ment, concurrent engineering, etc. will also be discussed in this chapter. At the end
of the chapter, a reference system structure for building an Internet-based integrated
product development system is proposed for rapid development of OKP products.

As for OKP companies, how to better manage and record the previous product
development knowledge has become a core issue for them to improve the product
development process, cut down development cost and reduce lead time. In recent
years, considerable effort has been placed on developing new enabling technolo-
gies for OKP companies to achieve high quality and productivity, and to quickly
respond to the changing market to meet customer requirements. Product modelling
is a pivotal activity in the product development (PD) processes. Well-defined prod-
uct models organize product data, production information and knowledge to sat-
isfy the requirements of the rapidly changing PD environment. Chapter 3 provides
a comprehensive review on recent development of product modelling technology.
Four types of product modelling methodologies are discussed in detail. Two object-
oriented product modelling methods, including STEP-based product modelling and
UML-based product modelling are reviewed and compared. The research gaps and
issues are identified. To implement the product modelling into current integrated
manufacturing environment, a generic product modelling framework is proposed.
The future research trend of product modelling is also discussed.



Chapter 1
Background and Motivation

Abstract In today’s global market, more and more manufacturing companies have
realised that the ability to quickly develop a customised product in an economic and
efficient way is critical for them to survive in today’s competitive international mar-
ket. This is particularly true for one-of-a-kind production (OKP) companies. A new
generation of OKP systems needs to be developed to help these companies main-
tain competitiveness in the global marketplace and improve the ability to rapidly
combine the strengths of manufacturing partners to meet market needs. This chap-
ter gives a definition of OKP and introduces the main issues and objectives of rapid
OKP development in the global manufacturing environment.

1.1 Rapid One-of-a-kind Product Development

Nowadays more and more manufacturing companies have realised that the ability
to quickly develop a customised product in an economic and efficient way is critical
for them to survive in the keen competitive international market. This is particularly
true for those OKP companies. Wortmann (1991) defined various types of OKP
companies using a 2D typology. One dimension is determined by a company’s pro-
duction system position strategies, i.e., product-oriented or capacity-oriented. The
other dimension is determined by a company’s market strategies, i.e., make to stock,
assemble to order, make to order, and engineer to order. The research as reported in
this book focuses on the rapid product development (RPD) problems in an OKP
company which has a product-oriented production system and adopts an engineer-
to-order market strategy.

OKEP, as predicated by scholars such as Rolstadas (1991), Wortmann (1991) and
Hirsch (1992), could be a promising manufacturing model for the factory of the
future. At the same time OKP poses challenges to the factory of the future. Tu
(1996) characterised the OKP philosophy as:

1. high customisation;
2. successful product development (PD) and production in one go;

S. Xie, Rapid One-of-a-kind Product Development. © Springer 2011 3
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optimal or rational utilisation of technologies and resources;
adaptive production planning and control;

continuous customer influence throughout the production;
incremental process planning;

distributed control and inter-organisational autonomy; and
virtual company structure and global manufacturing.

PN W

From a practical viewpoint, an OKP company can be loosely understood as an
advanced manufacturing company, which provides customised products in a cer-
tain manufacturing area (i.e., ‘kind’ in OKP). It is often a product-focused small
or medium sized enterprise (SME). According to its market needs, it produces a
very wide range of product variations according to the customer requirements. It
has a much wider product domain and more flexible batch size (maybe one) than
a product-focused batch production company has. A typical OKP company can be
a sheet metal company, injection mould/tool manufacturer, a steel construction com-
pany, efc. An OKP company has a greater flexibility to adopt market changes than
a mass/batch production company, and higher production efficiency than a job shop.
However, OKP companies, owing to high customisation, face a large amount of un-
certainties and consequently may deal with a lot of rework. PD cost is also normally
higher and development lead time longer than product-focused manufacturing com-
panies.

To rapidly develop products with low costs, a new paradigm called rapid prod-
uct development (RPD) has been proposed for the rapid development of products
with low cost, high value addition and acceptable quality. Bullinger et al. (2000) de-
fined RPD as an interdisciplinary methodology to combine all influences of an en-
gineering process to an iterative PD. Its research topics focus not only on product,
but also on their development process. The rapid development of OKP product is
a holistic organisational concept that describes the rapid OKP PD process achieved
by combining and integrating various innovative technologies and tools, e.g., rapid
manufacturing (http://www.albrightl.com/manufacture.shtml), simultaneous engi-
neering, computer supported cooperative work tools (Bullinger et al. 1996), and
a supportive environment (Tu et al. 2001).

In this book, the scope of RPD will focus on the development of customised,
individual or engineer-to-order OKP products. The P in OKP means OKP products,
e.g., a crystal oscillator, a customised sheet metal product or injection moulding. As
shown in Figure 1.1, the RPD processes include all the OKP PD processes starting
from the customer’s requirements until the products are delivered.

Many OKP companies in New Zealand and overseas are striving to develop new
computer aided tools for supporting their PD activities including product design,
validation, resource allocation and optimisation, scheduling and machining. The
main objectives are:

1. to shorten OKP time to market (from product definition to market launch);
2. to develop OKP products by optimising key factors, e.g., time to market, cost
and quality;
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Figure 1.1 PD metrics and perceptions

3. to increase OKP products quality, achieve high profit and decrease waste (chan-
ges, reworks and errors);
4. to rapidly respond to the customer’s requirements and market changes.

1.1.1 The Performance of RPD

The effectiveness of an OKP company’s PD process must be evaluated against some
objective criteria — a set of quantifiable parameters/metrics (as shown in Figure 1.1).
Generally speaking, the metrics typically fall into the following four broad cate-
gories — quality, time, financial, and waste. Hence, the performance of PD can be
weighed by following these factors (Floyd 1993).

1.1.1.1 Product Quality

The definition of quality is often used in today’s manufacturing environment as
“meeting the needs and expectations of customers”. In today’s market, it is no longer
sufficient to define quality simply as “conformance to specifications”. Sometimes,
the specification may not fully meet the customers’ needs which change with time.
In the new definition, the operative words are needs, expectations and customers.
The definitions of needs and expectations given by Floyd (1993) are briefly quoted
in the following paragraph.

Needs are those functions, characteristics, and features that customers expressly
want or must have in a product that they are acquiring. Customers are aware of
their needs and, if asked, can usually state them with a reasonable degree of clarity.
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Expectations are more difficult to determine and identify. Expectations are those
things customers automatically assume to be inherent in the product. Often, they do
not explicitly state their expectations, making it difficult to interpret using computer
technology.

1.1.1.2 Lead Time

There are many ways to define the time to develop an OKP product. Some common
terms are time to market, development lead time, PD time, and PD cycle time. These
terms are generally used interchangeably — and all are intended to describe the total
time it takes to implement the PD process from conception of a product idea to the
point at which the product is both released for sale and in full production. In this
book, the lead time is understood as the time from starting a product definition to
finally delivering the product to the customer.

World-class OKP companies are constantly striving to improve their perfor-
mance, and thereby to reduce the PD cycle time. Through a combination of innova-
tive RPD process changes and continual improvement with new technology, many
manufacturing companies have made dramatic reductions in the PD lead time. For
example, during recent decades, companies striving for world-class status have cut
cycle times by as much as 50%, as reviewed by Floyd (1993). These companies are
continuing to improve.

1.1.1.3 Financial

For many OKP companies, the main reason to develop customised products is the
possibility of bringing high profit returns. Product development not only requires
a significant amount of investment, but also establishes the costs of producing OKP
products. The return on investment (ROI) has always been the focus of PD. In re-
cent years, cost control and containment have become even more important than
before.

PD process costs are generally grouped into PD costs and product manufacturing
costs. Others include costs associated with activities such as training and relocating
resources. PD costs are the total costs incurred through a PD process. These costs
are frequently referred to as NRE (non-recurring engineering/development) costs
since they only happen once. The cost for an OKP product is mainly PD cost or
NRE cost since an OKP product will be developed in one go and rarely repeated in
future.

The manufacturing cost (sometimes called the recurring cost) represents the cost
of producing one unit of the product. It includes material, labour and manufacturing
overhead costs for the product. It is important to note that much of this cost is estab-
lished during the PD process because of the design of the parts, the manufacturing
methods, processes, tooling, efc. An OKP product also includes manufacturing cost
as a part of its total development cost.
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1.1.1.4 Product Development Waste

There are many contributors to waste in the RPD process, but the most costly fac-
tors are errors, reworks and changes. These result from a lack of proper preparation
and planning, poor implementation, and poor PD processes that allow development
to proceed between responsible departments without sufficient information inter-
change. Designers, for example, may develop the product without taking into ac-
count the needs of the manufacturing departments. A flood of design changes may
overwhelm the organisation as it tries to modify the product to suit the manufac-
turing requirements. Although the cost of the changes may be huge, the biggest
impact is the delay of market launch while the product is debugged. Another major
source of waste results from inadequate product definition. The product designers
may be required to rework many man-months of effort when the product definition
is changed late in the development cycle.

1.1.2 Product Development Process Evaluation

The first step in improving a PD process is to measure the effectiveness of the one
currently in use. This can be done by a comprehensive assessment that includes the
use of both metrics and perceptions. The metrics are used as a quantitative assess-
ment of the PD process and the perceptions are used as a qualitative assessment of
the process. The combination of the two results in a detailed evaluation. Metrics
are used to determine quantitatively how well the process is meeting its objective
of yielding timely, competitive, and profitable OKP products. Metrics can provide
a basis for comparing the PD performance of a company with its competitors, as
well as measuring the ability of the PD organisation to develop products that meet
their original plans and objectives.

The effectiveness of a PD process requires its use and support by the customers
of the process. If the users of the PD process perceive that the employing process
is not one of good quality — i.e. it is very bureaucratic and cumbersome — then they
will resist using this process. The process will be ignored and the product developers
will proceed in their own way.

Management’s perception of the relative degree of success demonstrated may be
critical to the funding of future OKP PD programmes. If their perception is that
product developments are consistently marginal, the probability of obtaining ade-
quate funding for future programmes becomes questionable. Management will have
to be convinced, and rightfully so that the sins of the past have been addressed and
are on the way of being corrected, before they can invest in development of the
product.

Thus, many companies find themselves in a situation where new products are not
giving adequate ROI to justify continuing long-term investment and without new
products, there is no hope for long-term survival. The solution would be to develop
an effective PD process that will yield competitive and timely products.
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1.1.3 Benefits of RPD

In the market, successful products usually achieve high marks in each of the cate-
gories of performance metrics, e.g., short lead time, low waste and low cost. Many
of the metrics affect each other. Quality products, for example, can be sold well in
the market, and hence lead to a higher life cycle profit.

Figure 1.2 demonstrates the benefits gained by two manufacturing companies
through rapidly delivering quality products to the market. Obviously, company A en-
tered its market early with a quality product, achieved a commanding market share,
and generated much more life cycle revenue than its competitor, company B, who
entered the market late with a product of equivalent quality.

Life cycle profits are negative during the PD cycle time and only turn positive
when sufficient revenues are achieved. Figure 1.2¢ depicts the corresponding prod-
uct life cycle profits for companies A and B.

A Revenue
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Time

4 Profits Company A

o Company B

4 »
!

2 . Time
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, Average Product
Lead Time

~

Company A ) .

Figure 1.2 Financial and lead >
time results © Time
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1.1.4 Drivers for RPD

There are many factors driving the need for OKP companies to improve their PD
process. Some of these factors are within the control of the company and some are
not. Some factors within the control or influence of the company are:

1. ROI targets;
2. staff reductions resulting from downsizing activities;
3. excess production capacity.

These factors are specific to the company and its internal environment. They are all
related to increasing profitability and hence long-term viability.

In addition to the company internal factors, there are several common external
factors that are major drivers forcing the company to move towards RPD. These
factors include:

1. aggressive global competition;
2. rapidly changing technologies; and
3. increasingly complex markets.

These factors are briefly discussed in the following subsections.

1.1.4.1 Aggressive Global Competition

Table 1.1 illustrates some key results during the global competition in the auto in-
dustry in the 1980s. Twenty auto manufacturers worldwide were evaluated and perti-
nent metrics determined. The metrics were normalised for a compact car. The chart
clearly shows, as most of us are already aware — that the Japanese developed au-
tomobiles in far less time and for much fewer development dollars. The Japanese
products were also better performers than those of the European high volume man-
ufacturers.

Table 1.1 Global competition in car industry

Activity Japanese us European European
volume volume volume high-end
producer producer producer specialists

Engineering hours (millions) 1.7 32 3.0 3.0

Percentage to US 53 100 94 94

Lead time, concept to market (months) 45 60 57 63

Percentage to US 75 100 95 105

Source: Product Development Performance: Strategy, Organization, and Management in the World
Auto Industry (Figures 4.2 and 4.4) by K.B. Clark and T. Fujimoto. Boston: Harvard Business
School Press, 1991.
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Although this analysis is for one industry, it is very representative of what is
going on in the world. In this increasingly fierce competitive global economy, there
are foreign as well as domestic competitors who can do it better, and when they do,
they will seize market share. Virtually no industry or marketplace are immune to
these competitive challenges.

1.1.4.2 Rapid Changing Technologies

Previously, technology usually remained the same for several generations of the
product, but this is not the case today. Today, many technology changes take place
within each generation. In some high-tech industries, such as the computer industry
and the communication industry, it is not uncommon for technologies to change
dramatically every two or three years.

As a result, product life cycles are rapidly declining. This, in turn, reduces life
cycle revenues and profits. It is becoming more and more difficult to achieve sat-
isfactory ROI, considering the expense of developing OKP products and the short
periods available to obtain financial recovery on that investment. Hence, companies
are being forced to develop OKP products at a faster and faster pace. OKP compa-
nies that are not making significant strides in reducing their RPD cycle times are
struggling to remain competitive.

1.1.4.3 Increasingly Complex Market

Markets continue to become more diverse and complex. Customers, increasingly
exposed to the advertising and marketing efforts of global competitors, are becom-
ing more sophisticated and demanding. Competitors, seeking a marketing niche,
are decreasing prices and adding product differentiation. This increasingly complex
market has put a lot of pressure on OKP manufacturing enterprises to meet the di-
verse customer needs and demands.

1.1.5 Emerging Research Issues

To improve the performance of OKP manufacturing enterprises and to win the RPD
competition, the major research problems for OKP companies to compete in today’s
global market have been identified (Tu et al. 2002).

1.1.5.1 High Customisation

It is obvious that engineer-to-order will result in high customisation. High customi-
sation often leads to diversified customer’s requirements and hence great uncertain-
ties. These uncertainties result in numerous reworks, longer PD and production lead
times, and high costs.
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1.1.5.2 “Once” Successful Approach

The production in OKP companies is different from that in batch or mass production
companies. In a batch or mass production company, a prototype of the product will
be made first to approve the design and to study the manufacturing processes. In
OKP companies, no prototype is made. The product must be made in OKP compa-
nies in one go, or a “once” successful approach. It is not economical for a mould/tool
maker to make a prototype of the mould first prior to making the final mould. It
would be ridiculous for a large oil cargo building company to make a prototype
of the ship to approve the design and study the manufacturing processes first, be-
fore making another ship as the final product. They all must make their products
according to customers’ requirements in one go. This once successful approach to
product production in OKP companies creates many challenges and problems for
the companies:

1. uncertainties in product design, process planning and shop floor scheduling;

2. owing to the aforementioned uncertainties, product design and production must
be carried out concurrently, or jointly planned and controlled through the whole
PD life cycle;

3. hidden costs or reworks caused by inappropriate or wrong designs, process plan
or production schedules;

4. it is difficult (if not impossible) to get a well planned production schedule and
inventory plan, and OKP companies often run in a fire fighting situation.

1.1.5.3 Looser or Fatter Production Planning and Control

Owing to the uncertainties mentioned above, OKP companies normally plan their
production and allocate production resources in a much looser or fatter way com-
pared to batch and mass production companies. In a batch or mass manufactur-
ing company, production is normally organised along a production line that syn-
chronously moves according to a pre-defined cycle time. In a car manufacturing
company, for instance, the cycle time may be 1-2 min. This means that production
in this car manufacturing company can be synchronised by this cycle time. Opera-
tions in every section throughout the whole plant will be able to be completed in just
one to two minutes. In every cycle time, a product (or a car) can be delivered from
the company’s final assembly line. This would be impossible for an OKP company.
In OKP companies, production is asynchronous. The operations are loosely planned
according to rough estimates of the processes. This loosely planned asynchronous
production results in mixed material flows in an OKP company, and a higher work-
in-process inventory and cost is incurred.

1.1.5.4 Continual Customer Influence

In OKP, customers may change their requirements throughout the production pro-
cedure, which is different from batch and mass production where the customer’s re-
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quirements are confirmed or fixed before product design and manufacture. In OKP,
owing to limited knowledge on how to produce the required product, the customer
may change the requirements after the product has been partially made, e.g., when
the customer sees the design of the product, a plastic part made by a rapid proto-
typing machine, a part of the product, efc. In the worst case, a customer may wish
to change some of his/her requirements or add some modifications in later stages
of the production. It is obvious that the ability to cope with this type of continual
customer influence will improve an OKP company’s standing in the marketplace.

1.1.5.5 Complicated Product Data and Information Flows

An OKP company may produce a number of products at the same time. Due to
the high customisation of these products, each of these products must be managed
individually. It is not rare for a part of product A to be wrongly assembled into
product B, a wrong order to be placed to the supplier, a wrong inventory to be kept
in the company, efc. The information and data of product design, process planning,
inventory planning and control, and production scheduling are determined for each
of the products, and flow simultaneously in the company. On the other hand, no OKP
company, particularly small or medium sized companies, would like to equip itself
as a super company that can meet all kinds of customer requirements. They often
use a lot of partners or subcontractors to compensate for their lack of manufacturing
ability. This leads to complicated product data and information flows not only within
the OKP company but also across companies.

1.1.5.6 Complicated Logistics Management

This is another problem resulting from the high customisation of OKP. The com-
plexity of logistics management in an OKP company can be viewed internally and
externally. Internally, an OKP company normally has complicated material handling
and inventory control. Externally, it may have an extensive outsource network that
consists of complicated supplier chains and partner/subcontractor chains, and a cus-
tomer network that consists of complicated delivery chains and sale chains.

1.2 Motivation for the Book

To solve the problems mentioned above, OKP companies have been actively adopt-
ing new technologies, particularly computer technologies such as intra/internet com-
munication technology, CAD/CAPP/CAM, rapid prototyping, MRPII/ERP (man-
ufacturing resource planning/enterprise resource planning), PDM (product data
management), and computer simulation technology. According to a survey (Why-
brew et al. 2000), some of these technologies are also widely applied in New
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Zealand manufacturing companies as well as overseas. Despite the large efforts that
have been made to develop in these areas (a comprehensive review of literature will
be given in Chapter 2), these technologies are often used separately rather than in
a systematic and integrated way. The applications of these technologies are lacking
in system integration and synergy. Our findings also show that most OKP companies
find it difficult to adopt commercial software tools for their applications.

To help manufacturing companies, particularly OKP companies, to rationally
adopt these computer application technologies to effectively shorten their PD cycle
time and reduce PD cost, a research programme has been funded by the Founda-
tion of Science and Technology of New Zealand (NZ) since 1998. This research
programme aims to provide these NZ OKP companies with a reference production
management system framework, concepts and software tools to support the appli-
cations of these computer technologies. The research work reported in this book is
a part of this research programme, and mainly focuses on the strategies, algorithms
and technology for rapid development of OKP products.

The principal goal of this book is to develop new technology, algorithms, tools
and systems to reduce PD lead time and cut down the cost for OKP PD. This goal
is to be achieved by the proposal of an Internet-based PD system which integrates
modern technologies such as information technology (IT), RPD paradigm, informa-
tion modelling, distributed multi-objective optimisation, and Internet-based infor-
mation management. The developed Internet-based RPD or IRPD system is for the
strategic purpose of improving the New Zealand manufacturing level in the world,
particularly for new PD. The methods, algorithms and tools however, will be useful
to many OKP companies in the world. In the book, theories, concepts and methods
from the areas of modern control engineering, rapid manufacturing, CAD/CAPP/
CAM integration, engineering optimisation, information technology and know-
ledge-based technology are developed and applied to industry. The research has
used two typical New Zealand OKP companies, i.e., customised sheet metal manu-
facturers and tool/mould makers, as pilot companies or test beds to validate the pro-
posed system and other major research findings. Following similar principles, it can
be envisaged that a number of high-tech RPD tools can be developed to help other
manufacturing enterprises in New Zealand to better compete in the global market.

1.3 Book Organisation

The presentation of the book strives for a balance between modularity and integrity
of the chapters. The chapters are carefully structured in a self-contained fashion in
order to address specific issues involved in the rapid development of OKP prod-
ucts. Each of these chapters starts with an overview of the technique and research
background of the major objectives of the research, which form the main points of
the new system structure, concept and method. The book will provide answers to
most of the main research activities that are ongoing around the world in the OKP
research field. The main contents of the book are summarised as follows.
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1. Investigation of current hurdles that hamper RPD and proposal of a refer-
ence architecture for building an Internet-based integrated PD system. Nowa-
days, the operation of an OKP company tends to build on the basis of coopera-
tion between the company and its partners in its manufacturing network. It is often
driven by customer focus and volatile markets. In short, OKP companies operate
in a global competitive and collaborative environment. To rapidly develop a new
product in this global environment, OKP companies need to update their traditional
manufacturing systems and traditional PD processes to meet the requirements of this
global environment. The hurdles blocking the way to this upgrading process need
to be identified and further studied. To meet the requirements of the global environ-
ment and to facilitate the complicated communications between an OKP company
and its partners, and between the company and its customers, a reference structure
of an Internet-based integrated PD system needs to be developed.

2. The development of a system architecture proposed for OKP PD. To test
the feasibility of the proposed reference system architecture, the proposed system
architecture is implemented to speed up sheet metal PD. Sheet metal manufacture is
a major part of the New Zealand manufacturing sector.

3. An Internet-based information platform or framework for RPD. To rapidly
develop a sheet metal part/product, an Internet-based information platform needs to
be developed as a major part of the Internet-based rapid sheet metal part/product
development system.

4. A new compound machining method to speed up sheet metal PD. A com-
pound cutting and punching production method supported by an integrated CAD/
CAPP/CAM system in sheet metal manufacturing needs to be developed to speed up
sheet metal product design and manufacture. Many existing commercial CAD/CAM
systems are not suitable for this manufacturing method, especially in concurrent and
global design and manufacturing environments. Some problems have to be solved
before these CAD/CAM systems can be employed and integrated for this compound
manufacturing method.

5. Cost estimation and optimisation for rapid development of sheet metal
part/product. In order to maintain a strong competitive ability, sheet metal man-
ufacturing companies have to look for the cheapest way to develop their products.
This is a cost estimation and optimisation process.

6. An integrated product data model for PD life cycle and application for rapid
tool/mould making. As mentioned before, OKP companies tend to design, man-
ufacture and maintain a product through global collaboration in a team. The team
members may include engineering, manufacturing and service firms and they are
often geographically dispersed. They work together to design, manufacture and sup-
port the product. For this reason, an integrated information model has to be devel-
oped to support the definition and exchange of product data unambiguously and
consistently between team members during the entire course of the PD process. De-
veloping and manufacturing a product through this type of global collaboration is
termed virtual manufacturing, and a company that adopts the virtual manufactur-
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ing strategy is called a virtual manufacturing company. It is obvious that the virtual
manufacturing concept is particularly suitable for rapid OKP PD since the virtual
manufacturing strategy can improve the company’s flexibility and capacity to handle
much wider and diversified customer requirements. Tool/mould making is a typical
one-of-a-kind production and is also another major part of the New Zealand manu-
facturing sector. To apply the research findings and to widely support New Zealand
manufacturing companies, the proposed data model is tested through a mould de-
velopment process instead of sheet metal part/product development.

7. Development of an Internet-based information management system. It is ob-
vious that an Internet-based information management system needs to be developed
as an important part of the Internet-based OKP PD system to manage the various
databases which can be directly accessed via Internets.

8. An Internet-based DFX (IDFX) system for rapidly tool/mould manufacture.
DFX, or design for X, is a broader concept to encapsulate various concurrent en-
gineering approaches for RPD, such as design for manufacture (DFM), design for
assembly (DFA), efc. To test the suitability and feasibility of adopting this concept
into the Internet-based rapid OKP PD system, an Internet-based DFX system or
IDFX system needs to be developed and tested in a typical company.
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Chapter 2
Review of Rapid OKP Product Development

Abstract This chapter provides a comprehensive review of the historical back-
ground of product design and manufacturing systems for the rapid development
of OKP products. Through the overview of existing OKP systems and recent ap-
proaches to product design and manufacturing systems, the author will discuss cur-
rent techniques that can be used to implement product design and manufacturing
systems for producing OKP products. The problems that have emerged from recent
developments are reviewed and sorted in this chapter. The future trends of collabo-
rative design, decision support, manufacturing support, supply chain management,
workflow management, Internet techniques for product design and manufacturing,
product modelling, STEP-based data environment, concurrent engineering, efc., will
also be discussed in this chapter. The reviewed state-of-the-art works have been used
directly or indirectly as references for this book. At the end of the chapter, a refer-
ence system structure for building an Internet-based integrated product development
(PD) system is proposed for the rapid development of OKP products.

2.1 Introduction

In today’s competitive market, OKP manufacturing enterprises are facing more se-
vere competition in the market than ever before due to the globalisation of the
market, short life cycle of products, increasing product diversity, high demand for
quality and short delivery times. To survive and thrive, these enterprises have to
work hard to achieve high quality and productivity, reduce cost, and respond quickly
and effectively to a market that is becoming more global, dynamic and customer-
driven.

OKP companies, owing to the high customisation, face a large amount of uncer-
tainties and consequently must deal with many reworks. PD cost is also normally
higher and development lead time longer than those of product-focused manufac-
turing companies. To respond rapidly to market pressure, many OKP companies
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have adopted a virtual manufacturing concept, which can be simply understood
as a global collaboration business through sub-contracting and technology trans-
fer between a company and its partners. This virtual manufacturing concept enables
a company to quickly and often economically meet its customers’ needs by com-
bining its own manufacturing strengths with those of its partners. However, these
virtual companies usually require technical and theoretical support in order to man-
age and optimise PD processes through a whole PD cycle. These processes include
customer requirement interpretation to decide how to address the customers’ needs,
product design to address the customers’ needs, conceptual and functional proto-
typing to prove the effectiveness of the designs, manufacturing process planning
(which includes subcontract planning) to determine how the product is to be made,
design manufacture of tools, pre-production trial, production, and finally delivering
the product to the customer or launching the product into the market. OKP com-
panies particularly wish to meet the customers’ needs in one-go and minimise the
costs spent on intermediate tests and mock-up manufacture.

To shorten the lead time and to reduce the cost of PD for OKP companies, in
particular for virtual OKP companies, the combination and integration of existing
innovative technologies and the development of new technologies have become es-
sential. The achievement of the goals of RPD is becoming more and more difficult
as the PD environment has dramatically changed and the factors that influence the
PD process have become more and more complicated. The goals of RPD cannot be
achieved by focusing efforts only on a single stage of the PD process, contributions
from the entire PD process are needed to meet these goals. Hence, an Internet-
based PD system has to be built to support the PD process under a geographically
distributed environment (Tu ef al. 2000). This system can be used to support and fa-
cilitate communications and data flow at different stages throughout a PD lifecycle.
To develop this PD system, new technologies have to be developed and integrated
to improve the overall PD performance, e.g., new CAD technology, collaborative
design technology, Internet communication technology, information technology, ar-
tificial intelligence (AI), knowledge base technology, cost/lead time optimisation
technology and decision support technology. These new technologies, which can
continually improve product design and manufacturing ability, have become more
and more essential for today’s OKP manufacturing companies to compete effec-
tively in the global market.

As an enabling technology, the Internet has been widely used in the PD field
and can enable intelligent product design and agile manufacturing by updating tra-
ditional plant information systems and eliminating barriers to integration. It has
launched a revolution in worldwide data transfer and communication. Its platform-
independent architecture allows manufacturers to deploy applications across virtual
organisations, which includes business partners/customers whose computing envi-
ronments may be completely different. In the PD field, the application of the In-
ternet has been used in numerous areas including marketing, management, design,
manufacturing, production, planning, customer service, efc. (Su and Amin 2001).
Internet-based RPD (IRPD) has been recognised as an efficient way to help man-
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ufacturing companies (especially OKP companies) stay competitive in the global
market (Bullinger et al. 1996, Tu et al. 2000, Xie et al. 2001). However, there are
problems that hamper the development of IRPD systems, e.g., the integration of
various technologies and tools with different enterprise data models (Huang et al.
2001b, Tu et al. 2001), worldwide knowledge and resource access among heteroge-
neous computer systems, the concurrent architecture for execution (Schaefer 1994),
the ‘seamless’ integration of existing systems that are fragmented and nearly iso-
lated which are employed at various stages of a whole PD process, information and
knowledge sharing between various systems that are employed at different stages
of a PD process (Xie et al. 2001) and remote access to algorithms or large applica-
tion tools that run on different platforms (Wagner et al. 1997). Hence, to meet the
needs of rapid development of OKP products, existing RPD technology and sys-
tems have to be further developed in terms of communication, collaboration, and
system integration, e.g., customer-oriented virtual manufacturing, distributed con-
current engineering, global optimisation and the integration of various functional
systems at different stages of the PD process. These issues have been the focus of
both scholars and practitioners.

Besides exploring and discussing the aforementioned questions, this chapter will
also place emphasis on reviewing past research, systemically figuring out how cur-
rent technologies have been used, and identifying the future trends for implementing
the IRPD in today’s industrial environment. A comprehensive summary and review
of historical literature and projection of future trends are helpful for OKP compa-
nies to make decisions concerning the implementation of Internet-based systems
or upgrading existing manufacturing systems. They are also very helpful in figur-
ing out possible future research directions. For large companies that have their own
research facilities, the work presented in this chapter can help facilitate their devel-
opment work, underline current issues and point out the right direction. For medium
or small companies that are looking for Internet-based systems, this work will help
them in the selection of satisfactory Internet-based systems to meet their specific
PD environment. In this chapter, the recent development of these systems are dis-
cussed. A table listing some of the existing Internet-based PD systems and research
projects are presented in Appendix Al. The characteristics of the systems and recent
research projects are listed. This chapter reviews recent approaches and research in
the Internet-based PD area and presents a systematic approach for implementing
IRPD systems, which can help resolve the issues mentioned above. The key re-
search issue of how to build an Internet-based distributed integrated PD system to
achieve the goal of “rapid development of OKP products” is also addressed.

The chapter is structured as follows. Section 2.2 presents an overview of the lit-
erature of OKP and Internet-based PD approaches. In Section 2.3, the emerging
research topics that exist in the implementation of Internet-based systems are dis-
cussed. Sections 2.4 and 2.5 review the key technologies and approaches for IRPD
systems. Research issues and future trends of IRPD are covered in Section 2.6.
Lastly in Section 2.7, a reference system structure for developing Internet-based
RPD systems is proposed.
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2.2 Overview of OKP
and Internet-based Product Development Systems

Literature and research reports regarding OKP and Internet-based PD systems have
emerged in recent years. Here, from among a large amount of literature and reports,
some typical ones are selected and discussed briefly in terms of the following as-
pects: research focuses and trend of OKP; requirements for the next generation OKP
systems; and the role of IRPD systems.

2.2.1 Review of OKP

OKP was intensively researched under the ESPRIT basic research on the theory of
the factory of the future (FOF) in the late 1980s and early 1990s (Rolstadas 1991).
Most research efforts have focused on OKP production management because op-
erating efficiency is believed to be one of the major bottlenecks in OKP. Rolstadas
(1991) proposed a framework for managing OKP, in which an adaptive scheme to
change the production resource structure (as presented by an R-graph) to meet the
changes of product structure (as presented by a P-graph) was suggested. However,
the limitations and static nature of this adaptive factory managing structure were
also noted. Up till now, the research in OKP has been heavily focused on the man-
agerial problems in OKP. Not much work has been carried out on how to rapidly
and economically develop OKP products. William (1995) identified some interest-
ing research topics in made-to-order products, which include cost estimation and
design decision support through application of advanced computer technologies.

Customisation is commonly understood to be a company’s ability to satisfy vari-
ous needs of customers by economically changing its product or service design and
manufacture. It has been recognised as one of the main focuses in an agile manu-
facturing system (Hasan et al. 2009, Kidd 1994, Hasan et al. 2007). Meredith and
Francis (1998) believed that an ideal agile manufacturing company was able to make
a product at the same unit cost of making it in a batch of 10,000 units. This has set
a clear requirement for improving the production efficiency in OKP.

Mass customisation is another popular term that has been widely used to note
the mass production of a customised product or OKP. Tseng and Du (1998) char-
acterised mass customisation as recognising each customer as an individual, while
extracting maximum commonality to achieve scale of economy. One of the main
techniques to achieve mass customisation is to develop product families and link
them with product functional trees, thus linking customer requirements with prod-
uct families. Jiao and Tseng (1999) presented a product family data model to support
mass customisation practices. Johan (1997) used functional trees to express design
history information. However, both Jiao and Tseng and Johan did not take the down-
stream manufacturing applications into their considerations.

To support customisation, wider research has taken place on the methods of prod-
uct design and manufacture. The typical achievements among these research efforts
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would be the so-called design for modularity (Exixon 1996, Marshall and Leaney
1999, Kamrani and Salhieh 2002), variant design (Fowler 1996, Mckay et al. 1996,
Ding 2006), design for manufacture (Gupta et al. 1997, Chen et al. 1998), design
for production management (Nielsen and Holmstrom 1995, Yang and Pei 1999), and
computer aided process planning (CAPP) (Alting and Zhang 1989, Wu and Zhang
1998, Tu et al. 2000). Marshall and Leaney (1999) developed a systematic approach
for product modularity. However, design for modularity solves only part of the cus-
tomisation problems, the developed modules by no means meet all the customer
needs, especially highly customised OKP products.

Variant design is a method to adapt existing design specifications to satisfy new
design goals and constraints. This normally consists of two basic components, i.e.,
an extensive database to record product families and the possible variations, and
a sound reasoning method (e.g., case-based reasoning) to find solutions from the
historical data in the database. Mckay et al. (1996) provided an improved data model
to support product variety and pointed out the limitations of using EXPRESS in
STEP (Standard for Exchange of Product model data) to model product variety.

Design for manufacture (DFM) places its emphasis on the integration or links
between product design and manufacture. Gupta et al. (1997) widely reviewed the
research work on DFM and pointed out that the common features of various DFM
methods were cross-functional teams, good/bad examples, feature-based evaluation
and empirical parametric evaluation. In the DFM approach, the automatic feature
recognition and feature-based design method have been recognised as interesting
research topics and have been widely studied. The typical feature recognition meth-
ods include syntactic pattern recognition, state transition diagrams, decomposition
method, set theoretic approach, graph-based approach, and external access direc-
tions (Maropuoalos 1995, Lin et al. 1997). Some successful applications of feature
recognition and feature-based design have been found in the literature. Lee and Kim
(1999), for instance, proposed a feature-based approach to generate alternative inter-
pretations of machining features from a feature-based design model. Lau and Jiang
et al. (1998) presented a method to recognise manufacturing features from a STEP
203 file. However, as pointed out by Shah and Mantyla (1997), overlapped feature
recognition is still an unsolved problem. In practice, the definition, identification
and automatic recognition of design and manufacture features are the main prob-
lems that impede the application of feature-based design methods.

A few research projects have addressed the problem of design for production
management. Nielsen and Holmstrom (1995) presented an approach to separate
product features and the feature interfaces to simplify the production control ac-
tivities from a supply chain perspective. Yang and Lei (1999) gave an example of
integrating a CAD system with an MRP system based on STEP protocol. Hence the
design choices reduced the impact on the required materials. However, these works
did not completely address the integration problems between product design and
process planning, and between process planning and shop floor scheduling, which
are critical problems for rapid and economic development of OKP products.

To respond rapidly to a market chance, efforts at integrating process planning
and scheduling in OKP have drawn more and more interest and attention in the
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last few years. Mamalis ef al. (1996) presented an on-line integrated process plan-
ning and production scheduling system. In Mamalis’s work, simulation tools were
used to support integrated process planning and production planning tasks. Saygin
and Kilic (1999) also presented a method for integrated flexible process planning
and scheduling. Howard et al. (1998) proposed a generic manufacturing planning
and control system architecture for different manufacturing environments. However,
this work was not concerned with the product design tasks involved. Aidakhilallah
(1999) developed an architecture for concurrent product design, process planning,
and production control. However, the approach oversimplified the problem domains.

Morgan et al. (1990) indicated that enterprise integration could lead to high
agility in a manufacturing company. As suggested by Tu (1996), OKP companies
need high agility to meet various customers’ needs and high integration to shorten
the PD cycle and to save PD costs. Lim et al. (1998) identified four integration
domains: business integration, business data integration, software integration and
computer system integration. Jordan and Michel et al. (1999) classified system in-
tegration into four staked layers, viz. manufacturing system layer, production and
process layer, computer system layer, and communication system layer. Numer-
ous research efforts have been made to develop integrated system architectures,
e.g., AMRF (automated manufacturing research facility) developed by the National
Institute of Standards Technology in USA (Furlani et al. 1983), CIMOSA (open
system architecture for CIM) (Kosanke 1991) in Europe, and Purdue architecture
(Bernus et al. 1996). However, these integrated system architectures were devel-
oped according to a formal system hierarchy, which normally exists in a traditional
product-focused or batch manufacturing company (Toh et al. 1998). Manufacturing
systems that are built according to these architectures cannot handle the frequent
system structure changes resulting from the customisation in OKP (Tu 1997). To
solve the conflict between system flexibility and integration, distributed object tech-
nology of computer communication has been recognised as a promising solution.
By using this technology, various production systems are treated as clients. These
clients can be freely plugged into or taken off a heterogeneous computer communi-
cation network (Orfali et al. 1999).

More recently, it has been widely believed that the computer intra-/inter-net com-
munication technology would lead to a communication revolution in manufacturing.
Some research efforts have been made to develop WWW (world wide web)-based
manufacturing systems. Indrusiak (1998) carried out a so-called CAVE project,
which aimed to develop a WWW-based design automation framework. The imple-
mentation and integration of some CAD tools according to the CAVE standards
were addressed in their report. CORBA (Mowbray and Ruh 1997, Shin ef al. 2003)
and DCOM (Zhou et al. 2006, Li and Williams 1997, Adamopoulos et al. 2008)
have been used for the development and deployment of WWW-based systems inte-
gration in a distributed heterogeneous environment. Menzel and Geiger (1999) pre-
sented a hybrid system using distributed simulations, objects and fuzzy set theory to
improve the system efficiency and flexibility. Dorador and Young (1999) explored
the definition of the structure of information models for supporting the related pro-
cesses of design for assembly and assembly process planning to achieve the inten-
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sive sharing of information required in concurrent engineering through the life cycle
of a product.

From the above literature review it is obvious that various methods and tech-
niques for RPD have been widely researched. Some methods and techniques are
well established while others are still in the early stages of research. However, the
research trend of OKP is clear, i.e., to develop a new generation of production sys-
tems by using computer aided and integrated technologies and some management
concepts to economically and rapidly develop a customised product.

2.2.2 Requirements for the Next Generation of OKP Systems

In recent years the manufacturing industry has experienced tremendous changes,
e.g., from mass production through batch production, flexible manufacturing and
lean manufacturing towards agile manufacturing or OKP philosophy (Booth 1996,
Tu et al. 2000, Cheng et al. 2001). These changes are directly driven by various
requirements for low product cost, high quality, high performance, and customer’s
choice and requirements, efc. They result from the unexpected changes in the com-
petitive market environment, e.g., globalisation of the market, variety of customer
demands, customer-designed products, and shortened product life cycles. These
market factors have great impact on all of the PD-related activities, e.g., product
definition, design, manufacturing process planning, production, workshop floor con-
trol, quality control delivery, and marketing. To meet these changes and challenges,
a new OKP system needs to be developed.

In today’s manufacturing practice, products are rarely designed, manufactured
and maintained by a single company. This is especially true of small or medium
sized (SMS) companies. An SMS company does not normally have the breadth
of knowledge and the capability to understand all aspects of a PD process (Geller
et al. 1995). Due to this, the strategy of developing alliances and running the
business or manufacturing with various “partners” who have the wanted knowl-
edge/expertise and hardware/software resources has been widely adopted by SMS
companies. This provides global competitive advantages for these SMS compa-
nies. This collaborative production strategy was well referred to as a virtual man-
ufacturing concept. By adopting the virtual manufacturing concept, the manufac-
turing system environment becomes heterogeneous as partners may use different
design/manufacture tools, quality inspection systems, control facilities and different
production resources and technologies. Such a heterogeneous manufacturing system
environment will inevitably result in problems in management, communication and
production. It will also hamper the systematic upgrading of the design and manu-
facturing tools/facilities, as well as affect the competitiveness of a company (Kim et
al. 1998, Feldmann and Gohringer 1999). Hence, a new generation of OKP systems
is required to cope with this heterogeneous manufacturing system environment.

As mentioned previously in this chapter, the manufacturing market tends to be
global and dynamic. New technologies are continually emerging, and the product life
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cycle is getting shorter. Manufacturing strategies should therefore shift to support
global competitiveness, new product innovation, and rapid market responsiveness.
Hence a new generation of OKP systems should contain the key features of agility
and rapid responsiveness, to maintain competitiveness in the global marketplace and
the ability to rapidly combine the strengths of “partners” to meet market needs. It will
thus be more time-oriented, while still focusing on cost and product quality. The fun-
damental requirements for a new OKP system are identified in the following:

* Enterprise integration. In order to support global competitiveness and rapid mar-
ket responsiveness, an individual OKP company will have to integrate its PD
processes (with its partners via networks).

» Support for organisations that are globally distributed (Tu and Xie 2000). This
includes distributed knowledge-base systems or product information systems that
are needed to support PD processes.

* Being able to cope with the heterogeneous and distributed manufacturing system
environments.

* Open and dynamic structure. The manufacturing systems should be able to dy-
namically integrate new subsystems into the environment for specific applica-
tions or remove existing systems from the systems without influencing the basic
structure of the working environment. This requires open and dynamic system
architecture.

* Support cooperation and collaboration. The manufacturing systems should sup-
port geographically distributed teamwork, which includes cooperation and col-
laboration among team members.

* Agility and high customisation. The manufacturing systems must be used to
shorten the PD cycle time and to respond to customers’ requirements quickly.

* Technical advancement. New OKP systems need to adopt new technologies that
are developed for specific stages of the PD process to keep its advantages over
existing manufacturing systems.

» Compatible with most existing PD software tools.

» Stable and easy to use and maintain. The system should be user-friendly and
fault tolerant both at the system level and subsystem level so as to detect and re-
cover from system failures at any level and minimise their impact on the working
environment.

2.2.3 Role of IRPD

To develop production systems that can meet the requirements of the new generation
of OKP systems as mentioned in previous sections, various attempts have been made
from the two aspects of product design and manufacture (Reed and Afieh 1998,
Chui and Wright 1999). The results have illustrated the great potential of using the
Internet to build up a virtual OKP enterprise with the capability of RPD. Hence,
using the Internet to achieve RPD has become the most promising solution to meet
the requirements of the next generation of OKP systems.
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The Internet and its relevant technologies (e.g., world wide web, communication,
software tools and hardware) have made great progress in the past few years. The
outstanding features of the Internet make it the best supporting platform for RPD in
the distributed heterogeneous manufacturing environment (Cheng et al. 2001). For
example, the Internet platform has the capability to integrate diverse software tools
to support applications. This facilitates the development of an IRPD system that
is able to integrate current techniques for PD to support distributed team members
working together to design, manufacture and support products cooperatively and
concurrently. The IRPD systems that are built based on the Internet platform can
help manufacturing companies achieve flexibility, rapid response to the dynamic
global market and changing customer needs, and the ability to rapidly produce and
deliver products to the market.

New technologies have been continually put forward and gradually updated to the
Internet platform. They include Internet-based CAx technology, Internet communi-
cation technology, Internet-based design for X, Internet-based collaborative design,
Internet-based decision support, Internet-based workflow management, Internet-
based CE, CAD/CAPP/CAM technology, Internet-based virtual simulation technol-
ogy, Al, knowledge bases, global optimisation technology and CSCW tools. An
IRPD system that is developed through the integration of these technologies using
the Internet platform provides a solution for developing the next generation of OKP
systems. The IRPD system will have great technological advantages over the tradi-
tional standalone environment or Internet-based systems for supporting only a single
stage of the PD process. This IRPD system can consider the development process
of OKP products as a whole and can thus achieve better performance.

2.3 Review of Internet-based PD Approaches

Internet-based rapid PD (IRPD) requires the integration of people, business pro-
cesses and information technology across the PD life cycle for the purpose of RPD.
A typical PD life cycle includes understanding customer requirements, product def-
inition, product design, analyses and test/simulation, process planning, manufacture
and delivering the product. This section will review recent achievements in the areas
of PD process and the emerging issues in terms of implementation to improve IRPD
performance. This includes Internet-based collaborative design, Internet-based de-
sign for X (DFX), Internet-based decision support and concurrent engineering (CE).

2.3.1 Collaborative Product Design

The initial work on collaborative design appeared more than a decade ago (Sriram
et al. 1991), but it was not until recently that industry, academia and government
have demonstrated the benefits of collaborative work (with the help of the Internet)
for product design and manufacture. Collaborative design is the process of design-
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ing a product through concurrent cooperation among engineers from different func-
tional areas in a manufacturing company, e.g., design, process planning, manufac-
ture, assembly, testing, quality and purchasing as well as participants from suppli-
ers and customers (Sprow 1992). Collaborative design with geographically dispersed
participants based on Internet communication allows participants to exchange data
and thereby reduces the disadvantages of geographical dispersion. The objectives of
such a collaborative design team might include optimising the mechanical function of
the product, minimising the production or assembly costs, and ensuring that the prod-
uct can be easily and economically serviced and maintained (Hartley 1998). This re-
search area has been of tremendous interest to many researchers. As reported by Hart-
ley (1998), collaborative design can reap substantial benefits. This is demonstrated
through the following data. Collaborative design led to a 75 % reduction in design
changes at Northrop, a 60 % reduction in PD time at DEC, a 40 % increase in cus-
tomer satisfaction ratings at Xerox and a 60 % reduction in scrap at General Motors.

Collaborative design has been used in various areas due to the substantial benefits
it can offer. For example, collaborating via the Internet for design teams at Boeing-
Rocketdyne (Carman 1998), research on using collaboration tools for manufacturers
at NIST (Steves and Knutilla 1999), and efforts at understanding and supporting the
design process at Stanford University (Cutkosky et al. 1996) all show encouraging
results. With the development of other technologies (e.g., virtual reality and com-
munication (Smith 1998)), the team members can achieve better visualisation and
communication, and thus better collaboration. These technologies enable collabora-
tive design to take place and will also lead to more efficient collaborative design. In
1996, the NIST initiated a research and development programme to help US indus-
try speed the transition to 21st century manufacturing capabilities. This programme
is called National Advanced Manufacturing Testbed (NAMT). This testbed contains
a facility in which scientists and engineers from industry, academia, NIST and other
government agencies work together to solve measurement and standard issues in
information-based manufacturing. To achieve better collaborative design, several
researchers have studied how designers work together in teams. For example, Min-
neman (1991) discussed social interaction among designers, which includes how
design members in a design team with different opinions negotiate to reach com-
mon understanding. He also discussed how the integration could be used to improve
design communication. Frankenberger and Birkhofer (1995) described engineering
and psychological influences on designers, which include the influences on com-
munication, e.g., leadership and group organisation and how good team interaction
leads to a good decision. To achieve collaborative viewing of mechanical part mod-
els on the Web, Kim et al. (2001b) developed a collaborative system called 3D-Syn.
This system can support synchronous communication and manipulation of 3D part
models on the WWW and can be used as an open platform for 3D collaboration
to inter-link part suppliers and buyers. An object-oriented database is used for the
part library that stores part information. As a result of the extensive research and
development, there are some software tools available in the commercial market for
supporting collaborative design. For example, the Collaborative Virtual Product De-
velopment (CVPD) software suite was developed to link global design teams and
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partners in a PD chain. Oracle (www.oracle.com) has entered the collaborative PD
and product life cycle management software market with the cooperation of several
CAD vendors. PTC offers a version of its Windchill engineering management tool
for the oracle PD exchange.

Despite the success of the research mentioned above, there are still some research
issues unresolved in collaborative design and manufacturing. For example, it is not
clear how collaborative design and manufacturing can be implemented in different
manufacturing companies that vary in terms of company size, people, communica-
tion, various management styles and working environments. There are some cases
reporting successful collaborative designs. These cases are generally concerned with
engineers working at a single site and on a relatively uniform computer system plat-
form. The question of how collaborative design can be best implemented in an inte-
grated environment where there may be a wide variety of computing platforms still
remains unanswered.

2.3.2 Design for X (DFX) via the Internet

Design for X (DFX) has been recognised as an effective approach for implement-
ing concurrent engineering to achieve the goals of RPD (Tu and Xie 2001). Huang
(1996) gave a clear definition of DFX. D in DFX is interpreted as product design
in the context of DFA (design for assembly), which means to design a product for
the ease of its assembly (Edwards 2002, Boothroyd et al. 1996). X in DFX stands
for manufacturability, inspectability, recyclability, efc. Using the Internet to pro-
vide DFX services can support rapid and collaborative PD. DFX can be used to
reduce the time and cost of redesign, assembly and manufacturing. As reported by
Bralla (1986), DFX services are usually performed using DFX guidelines, which in-
clude simple guidelines, advisory guidelines and quantitative guidelines. The simple
guidelines are simple instructions such as “avoid sloping surface”, “cutting rules”
and “minimise the number of tools used in manufacturing” (Matousek 1963). The
majority of guidelines fall into these so-called advisory guidelines. An advisory
guideline usually includes a verbal description as well as diagrams showing right
and wrong design features. By following these guidelines, designers know what to
avoid when designing products. Quantitative guidelines provide quantitative evalu-
ation of how good or bad a design feature is in terms of certain criterion utilisation
(Carlsson and Egan 1994, Boothroyd 1996). However, most guidelines developed
in the past do not provide quantitative evaluation of the quality of a design in terms
of criteria such as cost, time (Carlsson and Egan 1994, Boothroyd 1996) and/or
other aspects (Ishii et al. 1994). The latest developments tend to provide quantita-
tive guidelines to improve the quality of design. Recent approaches to DFX delivery
using a guidelines application have been carried out in various DFX areas such as
design for manufacturing (DFM) (Mottonen et al. 2009, Lazaro et al. 1992, Bal-
asinski et al. 2007), design for retirement and recyclability (Ishii et al. 1994, Zhang
and Kuo 1997), design for environment (Stanley 1996) and design for ergonomics
(Allada et al. 1992).
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Internet technology is becoming popular for DFX analysis (Wagner et al. 1997,
Huang and Mak 1997). Recently, several Web-based systems have been set up, e.g.,
a Web-based design for assembly (Wang and Tian 2007, Shi et al. 1995) and the
Web-based failure mode and effects analysis (FMEA) (Huang and Mak 1997). The
impact of Internet-based DFX is found throughout the overall product design and
manufacturing process. For example, Internet-based DFA techniques can be used
to reduce the cost and time of assembly in a distributed manner by simplifying the
product and process through such means as reducing the number of parts, combining
two or more parts into one, reducing or eliminating adjustments, simplifying assem-
bly operations, designing for parts handling and presentation, selecting fasteners for
ease of assembly, minimising parts tangling, and ensuring that products are easy to
test. Use of Internet-based DFA to reduce the number of parts will reduce inventory,
which will reduce inventory management effort. As a result, it will support activities
such as “just in time” (JIT), aimed at improving shop floor performance.

Through Internet-based DFX systems, product developers are able to access in-
formation that will help them improve the design of the part they are working with.
These Internet-based DFX systems can be called up to analyse the current state of
their design, point out where the design is too complicated, and indicate possible
areas of improvement. Companies using Internet-based DFX techniques (e.g., DFA
and DFM) have reported to be able to reduce the number of parts, the number of
assembly tools, the number of assembly operations, the assembly space, the number
of suppliers, and the assembly time by up to 85 %. DFM helps prevent unnecessar-
ily smooth surfaces, radiuses that are unnecessarily small, and tolerances that are
unnecessarily high. The DFA objective of reducing the number of parts may lead to
highly integrated, complicated, and multi-functional parts. DFM aims to keep indi-
vidual parts simple because overly complicated parts can result in hidden costs that
are not initially apparent. At the early stages of the design, there may not be a lot of
information to work with, but Internet-based systems that are based on DFX func-
tionalities will make sure that whatever information exists can be made available to
the product team. This is an important issue for RPD.

Although there are many advantages of developing Internet-based DFX
(IDEX) systems for RPD, the implementation of IDFX systems is never an easy
task. Several problems have been raised for implementing DFX systems. Among
these problems, an important question is whether there is a basic pattern for the
development of these DFX tools (Olesen 1992). Another important issue is how tra-
ditional DFX systems can be updated to meet the requirements of the global RPD
environment. These problems have become the major hurdles for developing and
implementing IDFX systems.

2.3.3 Internet-based Decision Support
Starting from the front-end of the PD process, the Internet-based approach is par-

ticularly suitable for some areas where decision support is required, such as in cus-
tomer requirements management or market research, earlier design decision making
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and customer involvement in product design and manufacturing. The Internet-based
systems that can help decision-making at various stages of the PD process are vital
for IRPD. Internet technology enables us to develop virtually any type of decision
support system, e.g., PDM (product data management) systems, EDM (electronic
document management) systems and visualisation and virtual tools (http://www.
visualmining.com/). Owing to the multimedia capability (Ockerman et al. 1999,
Weyrich and Drews 1999) of the WWW and the success of remotely executing
large programs (SU et al. 2001), Internet-based decision support systems are func-
tionally better than standalone counterparts and compatible with heterogeneous en-
vironment. Literature and reports on various decision support systems/tools for the
different stages of the PD process can be found at the following Web sites (http://
emt.doit.wisc.edu/decision.html and http://www.decision-support.net/).

An interesting approach at the Philips advanced development centre is the use
of Internet as a communication infrastructure to involve users in the new PD pro-
cess (Muller et al. 1996). Another related project is the use of WWW to analyse
customer requirements for software development (Anton et al. 1996). As Inter-
net technology is playing an increasingly important role in marketing and sales
as well as after-sales customer services, an Internet-based product and compo-
nent catalogue has been widely used. Active Catalogue (Will 1996) is a project
aimed to develop WWW-based component catalogues including models to en-
able “try before you buy” simulation analysis during a product purchasing pro-
cess, which can be regarded as a decision support system for rapid product sell.
HKCAINS (Hong Kong Accessory Information Network System) is an industry-
based project aimed at developing a WWW-based network for the Hong Kong
apparel industry to mutually communicate and seek advice from each other as
well as to assess the economic viability of establishing this network (HKTAIGA
1996). Wong et al. (1996) proposed methodologies for a rapid and accurate re-
sponse to request-for-quotation and demonstrated the method on the Internet. The
key issues that should be considered when developing Internet-based decision sup-
port systems are identified as follows: distributed network of computers; shar-
ing data; sharing tools; tracking data (Cheng ef al. 2001). The Internet can also
deliver functionalities of decision support through developing Internet-based vir-
tual systems. One potentially significant project is “Intelligent Manuals” (Pham
1998). The objective of this project is to supply the electronic information nec-
essary to support the continuous use and maintenance of a product from its de-
livery to its disposal. Kim et al. (1998) proposed a WWW-based architecture for
collaborative design in mixed platforms and dispersed geography environments.
They used open data standards to allow users on a wide variety of platforms
to access and visualise product information. Kalyanapasupathy et al. (1997) pro-
posed a system using the Internet to support the generation of group technology
codes for mechanical parts. IAMS (intelligent assembly modelling and simulation)
aims to facilitate assimilability checking in a virtual, simulated environment in
order to avoid expensive and time-consuming physical mock-ups. This is in fact
a project within a broader effort to develop a collaborative open design system
(TAMS 1998) and acts as a decision support system. Szykman et al. (2000) devel-
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oped “design repositories” to support the integrated and concurrent design process.
They also pointed out that “design repositories” was key to providing a compre-
hensive product knowledge representation during the design stage. It is obvious
that developing products without sufficient support information in a broad set of
disciplines would result in longer PD cycles, higher development cost and quality
problems.

However, for these approaches, there existed some limitations to their applica-
tions. The first is the requirement for a formal WWW-based distributed database
structure with suitable product data models for a manufacturing company, i.e., a de-
cision must be made on what information should be shared and how to represent and
record the information from a PD and the relevant tool/mould making processes. In
practice, the company production manager usually makes his/her decisions about
what information is needed, when it is needed and how it will be used depend-
ing on the context of the current problem (Boynton 1993). Also, the data structure
of the product information management system may vary with the structure and
culture of the company. Considering these questions in advance, collecting all the
critical pieces of information for the decision, and finally integrating the informa-
tion and decisions into a product model is usually a hard job (Gruber and Russell
1996).

2.3.4 Internet-based Manufacturing Scheduling, Planning
and Control

Manufacturing scheduling, planning and control is a difficult problem for develop-
ing OKP products, particularly when it takes place in an open and distributed envi-
ronment. In the manufacturing process, things rarely go as expected and dynamic
changes are often needed. To save product manufacturing time and cost, Internet-
based manufacturing scheduling, planning and control has become an important re-
search field in recent years. As the manufacturing environment in a company often
involves a variety of machining systems, monitoring facilities, control equipment,
and information resources, an efficient and easy-to-use client—server manufactur-
ing scheduling, planning and control system is vital for global enterprises. Such a
system will facilitate scheduling job tasks among different machining systems, and
provide fast data or information exchange between subsystems and/or terminals and
rapid changes from the network to a CNC machine. Thus, various manufacturing
systems/facilities distributed at different companies can be organically organised
and shared under their agreements.

In order to develop systems for distributed scheduling, process planning and
control, tremendous efforts have been made by many researchers. As reviewed
by Shen and Norrie (1999), there were over 30 projects that were being carried
out all over the world. For example, Shaw proposed using agents in manufactur-
ing scheduling and factory control. He suggested that a manufacturing cell could
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subcontract work to other cells through a bidding mechanism (Shaw and Whin-
ston 1983, Shaw 1988). YAMS (yet another manufacturing system) (Parunak 1987)
was also one of the earliest agent-based manufacturing systems where in each
factory the factory component is represented as an agent. Each agent has a col-
lection of plans, representing its capabilities. The “contact net” is used for inter-
agent negotiation. Zhang and Kuo (1997) proposed an integrated approach for pro-
cess planning and production scheduling by building up an integrated manufactur-
ing environment. Euwe and Wortmann (1997) and Valckenaers et al. (1998) ad-
dressed the requirements of the new planning system. Collaborative information
system application and integration is recognised as a key factor. Thus, Lin and
Solberg (1992) presented an integrated shop floor control framework for infor-
mation and process control. Eberts and Nof (1993) presented a distributed plan-
ning approach for collaborative production. Tsukada and Shin (1998) addressed
the problem of distributed tool sharing in flexible manufacturing systems. Duffie
and Prabhu (1996), Maturana and Norrie (1997) and Tharumarajah and Wells
(1997) addressed the scheduling and control problem in distributed manufactur-
ing systems. Sikora and Shaw (1997) presented multi-agent coordination mecha-
nisms for the integration of manufacturing scheduling tasks. With the same preoc-
cupations, Gyires and Muthuswamy (1996) and Pan and Tenenbaum (1991) pro-
posed two multi-agent frameworks for the integration of widely dispersed enter-
prises.

There are also approaches to achieve production planning and control by using
Internet-based supporting systems. Zhou and Besant (1999), for instance, proposed
an information management system for production planning and control in a virtual
enterprise under a distributed environment. Ockerman et al. (1999) used multimedia
technology in their project titled factory automation support technology (FAST) to
improve worker performance throughout the factory. The IPPI (integrated product
processing initiative) project is another major effort aimed at developing and val-
idating a prototype process planning system that will utilise form feature product
models defined in STEP format and is capable of generating intermediate product
models representing the state of the product prior to and subsequent to each man-
ufacturing operation. The goal of the IP3S (integrated process planning/production
scheduling) project is to dynamically convert standards-based product specifications
into process plans and schedules that best accommodate current shop load, the status
and allocation of machines, fixtures and tools, and raw material availability, while
minimising production costs, lead times and inventories, and maximising due date
performance.

Typical research issues raised by recent research in this area can be sorted into
the following three categories: (1) no common model for developing Internet-based
scheduling, production planning and manufacturing systems for various applica-
tions; (2) issues in agent technology for the dynamic manufacturing scheduling,
planning and control, e.g., integration of planning and scheduling (Maturana and
Norrie 1997); (3) research issues in scheduling and planning algorithms, e.g., dy-
namic executing of remote large programs and algorithms (Su et al. 2000).
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2.3.5 Internet-based Concurrent Engineering

CE was defined by Cleetus (1992) as “a systematic approach to integrated PD that
emphasises response to customer expectations and embodies team values of cooper-
ation, trust and sharing in such a manner that decision making proceeds with a large
number of parallel working by all life-cycle perspectives, synchronised by cooper-
atively brief exchanges to produce consensus”. CE has been used in a wide variety
of applications for the purpose of improving the performance of RPD, e.g., reduc-
ing the PD cycle time and cutting down costs (Young and O’Grady 1992, Michel
and Clermont 1997). It has been found from contemporary research in the fields
of CE that significant benefits can be achieved if suppliers are involved in the new
PD process as early as possible. However, recent investigation in manufacturing in-
dustries has also revealed that this approach is not widely practised in industries
and its implementation has been a great challenge to researchers and practition-
ers.

In the distributed PD environment, CE teams would include various functions
as disparate as design, planning, manufacturing, assembly, testing, quality and pur-
chasing as well as the involvement of suppliers and customers (Sprow 1992). The
overall goals of CE include shortening time to market, reducing the costs of the
total product life cycle, and increasing quality. The objectives of CE might also in-
clude the optimisation of the mechanical function of the product, minimising the
production costs, reducing the PD time and ensuring the product can be serviced
and maintained both easily and economically.

To support CE in the distributed environment, the international research commu-
nity has carried out extensive research in order to establish ways of supporting en-
gineering activities. However, the term Internet-based distributed CE contains new
concepts, as the team participants are globally distributed and use a wide variety
of computer systems. A few research projects have been reported in the literature
describing how Internet-based distributed CE can best be implemented, particularly
for a globally distributed CE team that may be using a wide range of computer
systems. The requirements for building an environment to support Internet-based
distributed CE are identified as follows (Kang et al. 1997):

1. The environment should use open standards to allow participation by a wide
variety of parties, including suppliers and customers.

2. The environment should allow natural communication between team members.

3. A product database management system (PDMS) should be used to manage the
storage and retrieval of the large amount of information used by any reasonable
sized company. Such a PDMS should be integrated with other functions within
the company.

4. The environment should support interactive 3D graphical representations of
parts and products; these parts and products should be available for users to
manipulate.

5. The environment should have effective data conversion engines to support data
transfer between data stored in the PDMS, the standards used for data transfer,
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the visualisation standards and data standards of various CAD, CAPP and CAM
systems.

These requirements pose some challenging issues for researchers in this area. As
identified by Christiansen ef al. (1996), CE can be realised through three different
non-exclusive approaches:

1. organisational approach, where engineers from different departments are organ-
ised into PD teams;

2. non-IT approach, where specification activities are supported with, for instance,
technical manuals describing a group of similar products (or components) and
their manufacturing specifications based on a group technological analysis of
products or components; and

3. IT approach, for example, using features and product modelling to structure
knowledge and information for specifying products in the different phases of
the product life cycle.

Among these approaches the IT approach is the most promising to achieve Internet-
based CE. However, this research is still at a very early stage; further research in
terms of the supporting technologies and the application of CE in the whole PD
process are required.

2.4 Review of IRPD Approaches

Besides the research topics reviewed previously, great efforts have also been made
in other fields of PD, e.g., workflow management such as WebFlow (WebFlow Cor-
poration, http://www.webflow.com/), PrISMS (NASA 1996), OzWeb (Kaiser et al.
1997), resource planning, marketing and supply chain management (Huang and
Mak 2001), etc. These extensive research efforts made in different areas of PD raise
the possibility that IRPD systems can be developed through the integration of these
technologies. Some researchers have also made contributions towards improving
the agility and responsiveness of manufacturing enterprises and enhancing the abil-
ity of rapidly combining the strengths of manufacturers and suppliers. However, the
functionalities of Internet-based systems for such purposes are limited. Some of the
research approaches are briefly reviewed in the following.

2.4.1 Collaborative Approach

An interdisciplinary team that works collaboratively is one of the features of RPD
to shorten a PD cycle. Various attempts have been made to develop Internet-based
collaborative systems to support rapid product design and manufacturing using col-
laborative technologies. They include the research and development of collaborative
technologies (Steves and Knutilla 1999), CSCW tools (Jiang et al. 2008, Bullinger
et al. 1996, Prante et al. 2002), collaborative engineering database, engineering in-
formation framework (Szykman et al. 2000), engineering database structure (Xue
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et al. 20006) and the development of Internet- and information-based collaborative
systems (Cheng et al. 2000). These collaborative approaches aim to achieve bet-
ter cooperation among distributed team members and are of great importance for
RPD. There are also tools and methods proposed for collaboration over the Internet.
Some of the typical works are reviewed as follows. Chui and Wright (1999) devel-
oped an Internet-based multi-media educational tool for the design of simple me-
chanical parts. Ho et al. (2000) proposed a multi-media communication framework
for the selection of collaborative partners in global manufacturing. The proposed
framework was generated from the CIM-OSA (open system architecture for CIM)
approach and the model was developed with the aim of simplifying the enterprise’s
collaboration. Reed and Afjeh (1998) used a web-based interactive engineering tool
for engineering simulation and teaching and learning purposes. One of the early
web applications was to provide rapid prototyping services on the Internet (Bai-
ley 1995, Wright and Burns 1997). Smith and Wright (1996) collected a number
of WWW-based design and manufacturing services for their cyber cut experiment.
Roy and Cargian (1997) presented experimental workbenches for WWW-based de-
sign to production, including activities such as conceptual and detail product design,
process planning, design for manufacture, NC programming and rapid prototyp-
ing.

2.4.2 Al and Knowledge Approach

The increasing complexity of products and processes requires earlier decision-
making and tools that can help decision-making at the early stages are essential
for RPD. Due to this, knowledge and knowledge modelling of design, process plan-
ning, quality, efc. and Al for supporting decision-making have become an important
research field of RPD. In recent years, work has been carried out to develop Internet-
based intelligent systems to support RPD. For example, Pan et al. (1997) integrated
Al and knowledge technologies to greatly improve the agility of product design
and manufacturing. The integration of these technologies with Internet technologies
enables distributed manufacturing companies to achieve short PD cycle times and
to respond quickly to sudden market opportunities. Cheng et al. (1997) and Pan
et al. (1999) proposed a Java and Al-based system for the implementation of design
agility and manufacturing responsiveness. Joseph et al. (1997) proposed a WWW
approach for capturing and deploying the preferential knowledge required to resolve
design conflicts. Xie and Tu (2000) proposed a WW W-based integrated PD platform
for intelligent and concurrent sheet metal design and manufacturing. The platform
integrated knowledge base, Al and Internet technologies. Cheng et al. (2000) pre-
sented a novel approach to implement agile design and manufacturing concepts us-
ing Internet-based technology. The underlying philosophy of the approach is to use
Web-based design and manufacturing support systems as smart tools from which de-
sign and manufacturing customers can rapidly and responsively access the system’s
built in design and manufacturing expertise.
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2.4.3 Integrated and Concurrent Approach

As collaboration and partnership become increasingly important in modern man-
ufacturing companies, CE (Young and O’Grady et al. 1992, Kim et al. 1998) and
integration methodologies (Hsin 2000) are recognised as successful ways to support
RPD. This area is also a strongly emerging research field. A few research projects
have addressed the importance of the integration and concurrent approach in the
PD process. For example, Xie and Xu (2008) proposed an integrated PD platform
for intelligent and concurrent sheet metal design and manufacturing. This platform
integrates various software tools for sheet metal design, unfolding, planning, cost
optimisation, manufacturing and marketing. Zhang and Kuo (1997) proposed an
integrated manufacturing environment for the integration of process planning and
production scheduling. Tu et al. (2000) presented a virtual PD platform for RPD
with the integration of specific models for the involvement of customers. Chui and
Wright (1999) presented a WWW computer integrated manufacturing environment
for rapid prototyping and education. Reed and Afjeh (1998) used a WWW-based
interactive engineering tool for engineering simulation, teaching and learning pur-
poses. Research has also focused on ways to support an integrated and concur-
rent approach, for example, the integration of available information is a key step
for different partners in a PD cycle to share information effectively (Dong and
Agogino 1998). Chen et al. (1998) developed an integrated graphical user interface
for CE design of mechanical parts, and several typical models were also suggested
in their paper, including a WWW-based on-line user’s guide, a part library, a de-
sign guideline checklist, a part modeller linked to a CAD system (Pro/ENGINEER)
and a knowledge-based design critique system. Su and Amin (2001) proposed an
Internet-based system for geographically dispersed teams to collaborate over the
Internet for the purpose of integration in design and manufacture. A CGI (com-
mon gateway interface)-based multi-user method was developed to remotely exe-
cute large-size software systems via the Internet.

Great research effort has also been made to develop an integrated information-
sharing platform for the purpose of supporting integrated and concurrent PD in
a computer network environment. Some prototypes have been developed although
they are still far from being commercialised, e.g., Boynton (1993) Cutkosky et al.
(1993), Gruber and Russell (1996) Dong and Agogino (1998), Xue et al. (2006).
Cheng (2000) presented an empirical study of the implementation and integration
of information systems for production management in manufacturing. Shackleford
and Proctor (1998) developed Java-based tools for the development and diagnosis of
a real-time control system. New approaches have also been proposed to implement
WWW-based integrated systems for product design and manufacturing. These have
been used in different areas such as agile manufacturing (Cheng et al. 2000), sheet
metal concurrent design and manufacturing (Tu and Xie 2000), and collaborative
design of 3D mechanical parts (Kim ez al. 2001b). With the support of the European
Union, an international team has worked on a collaborative research project called
“global engineering network”, which aims to provide a global collaborative design
platform across various EEC countries (Gausemeier 1996).
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2.5 Review of Implementing Technologies
for Developing IRPD Systems

Although the research into Internet-based PD systems have been around for several
years, a united way to develop IRPD systems still has not been found. The imple-
mentation of IRPD systems covers a broad range of current technologies. Internet
applications can be implemented in many programming languages, tools and envi-
ronments. The most popular technologies that can be used to develop IRPD systems
include, DCOM (distributed component object model), CGI, STEP, SDAI (STEP
data access interface), CORBA (common object request broker architecture), Ac-
tiveX technology, JAVA and agent technology. This section gives a review of how
these technologies can be used for developing IRPD systems.

2.5.1 ActiveX and DCOM Technology

2.5.1.1 ActiveX

The Microsoft ActiveX technology allows programmers to assemble reusable soft-
ware components into sophisticated applications and services in an Intranet/Internet
environment easily with minimum effort (Swank and Kittel 1997). This technol-
ogy has been used in the development of various Internet-based research projects
(Huang and Mak 2001b, Xie et al. 2001a). One of the main features is that the soft-
ware components, called Active X components, can be reused by different software
platforms. ActiveX components can be created using Microsoft Visual Studio tool-
kits such as Visual Basic, Visual InterDev, Visual Java++ and Visual C++. Several
types of ActiveX components are available to develop in both applications at server
and client sides. ActiveX components can be used to develop applications that inte-
grate tightly with other elements of the Internet or intranet site. Application clients
can be compiled into ActiveX controls which can then be embedded into HTML
web pages, or into ActiveX documents that are attached to HTML web pages (usu-
ally executed in a separate container). The downloading, installation and execution
processes of both ActiveX controls and documents are similar. When a user accesses
a URL with an ActiveX component, it is downloaded from the server and then reg-
istered on the client machine along with the HTML page that uses script to invoke
the ActiveX component.

Huang and Mak (2001b) detailed the functionalities of the ActiveX in documents
and controls. ActiveX controls are usually embedded into HTML web pages. Ac-
tiveX documents are non-HTML documents that can be viewed and edited in a web
browser. The HTML page is replaced by the ActiveX document, and the ActiveX
document executes in the web browser as its application container. ActiveX docu-
ments also offer more complex client-side processing than HTML pages with Ac-
tiveX controls. For example, ActiveX documents may have all the elements of stand-
alone systems, e.g., pull-down menus. On the other hand, ActiveX controls do not
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have capabilities such as pull-down menus. An ActiveX code component is an ob-
ject or objects exposed by an application that can be controlled programmatically
by other applications. ActiveX code components can be used to add functionality to
an HTML page on the client-side just as with ActiveX controls. However, it is more
often used to deploy application servers as ActiveX code components. Server-side
ActiveX code components can be used to customise the creation and return of an
HTML page, just like CGI programs. In addition, they can also be used to manage
a database connection, execute a standalone algorithm and marshal queries received
and results returned.

2.5.1.2 DCOM

The DCOM architecture is widely used across a broader scale of multi-user applica-
tions. It can be used in most of the application cases when developing Internet-based
PD systems. DCOM is an ideal technology for multi-tier applications because it en-
ables ActiveX components to work across networks, enabling developers to easily
build systems that span computer boundaries. The DCOM has thus three unique
strengths that make it an important technology for IRPD:

1. DCOM is based on the most widely used component technology.

2. DCOM is simply “COM with a longer wire” — a low-level extension of the
component object model, which is the core object technology within Microsoft
ActiveX. Major development tools (e.g., Microsoft, Borland, Powersoft/Sybase,
Symantec, ORACLE, IBM, and Micro Focus) and the applications they produce
automatically support DCOM, providing the broadest possible industry support.
Additionally, over 1000 existing commercial software components that work
with DCOM are already available for use by developers.

3. DCOM is an open technology that runs on multiple platforms. Microsoft is
openly licensing DCOM technology to other software companies to run on all
of the major operating systems, including multiple implementations of UNIX-
based systems. As recognised by many developers, it is the best networking
technology to extend component applications across the Internet.

The combination of these three advantages — the largest install based native sup-
port for Internet protocols, and open support for multiple platforms — means that
businesses can gain the benefits of a modern component application architecture
without having to replace investments in existing systems, staff, or infrastructure.
Developers are able to add components together without having to worry about net-
work programming, system compatibility, or integration of components built from
different languages. This can lower the cost and complexity of building distributed
applications from components. DCOM leverages the investments companies have
already made in ActiveX by providing the following benefits:

1. Multi-platform support. DCOM is designed to run on Windows 95, Windows
NT, Macintosh, UNIX, and legacy operating systems, providing companies with
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the basis for a common application infrastructure across their entire IT environ-
ment, which can lower integration costs and reduce integration complexity.

2. Evolutionary technology. In addition to Java support, DCOM enables compo-
nents written in other languages, including C, COBOL, Basic, and Pascal, to
communicate over the Internet, providing a growth path for existing applica-
tions to support Web technology.

3. Common components for the browser and Web server. Since ActiveX compo-
nents can be embedded into browser-based applications, DCOM enables a rich
application infrastructure for distributed Internet applications using the latest
browser technology.

4. Security. DCOM integrates Internet certificate-based security with rich Win-
dows NT-based security, combining the best of both worlds.

5. Standards-based. Microsoft is working with Internet standards bodies, includ-
ing the IETF and the W3C, to offer DCOM to the Internet community as an
open technology. DCOM is based on the Open Group DCE RPC, an open and
widely deployed communications technology. The DCOM wire protocol exten-
sions have been submitted as an Internet draft and are available at http://www.
dc.luth.se/doc/id/draft-brown-dcom-v1-spec-00.txt.

2.5.2 Java Technology

Java technology has a broad application in PD processes (Cheng et al. 1997,
Shackleford and Proctor 1998, Pan et al. 1999, Lumpur 2010). Java was originally
proposed by Sun Microsystems (java.sun.com). This software development plat-
form can be used to develop Internet-based systems on the Internet platform. It is
a portable, object-oriented, distributed and multi-threaded programming platform.
All Java programs can run in a Java Platform that has two components: the Java vir-
tual machine (Java VM) and the Java application-programming interface (Java API).
The Java VM allows Java application programs to run in any operation systems. This
is important for the integration of the different manufacturing systems that run in
a heterogeneous environment. Java API provides a variety of functions for users to
develop different applications, e.g., Java SDAI provides tools for accessing STEP-
based databases, client/server tools, etc. Figure 2.1 shows an integrated environment
for Internet programming by using JAVA script in both server and client sides. This
environment has connections with data resources from networked databases and
provides efficient server-side programming. Java applets depend on web browsers
for their installation (downloading) and execution in the client machine.

In this integrated environment, JavaBeans, which are components built in Java,
can be used. This JavaBeans specification describes new component architecture
for Java to facilitate component code development and reuse. As the JavaBeans
component model is based on Java classes, this model can be extended and reused,
for example adding rules and using these rules with the class. Beans can be deployed
as servers and clients. A bean is a reusable component that can be used to create
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Figure 2.1 An integrated programming environment for developing IRPD systems

applets, applications or even HTML pages. The same bean should be able to play
in any of these containers. The emergence of the JavaBeans component model is
expected to further simplify web application development in the Java environment.

2.5.3 CORBA and Agent Technology

2.5.3.1 CORBA

CORBA, developed by the Object Management Group (OMG), has become a prom-
ising approach to the development and implementation of distributed systems (Har-
mon and Morrissey 1996). It has many distinguishing advantages over other ap-
proaches (e.g., SQL, email-based groupware and transaction process monitoring
approaches). It can avoid direct links between applications by defining a broker that
acts as an object bus, and can also encapsulate existing legacy applications. These
characteristics are extremely suitable for WWW-based systems development (i.e.,
virtual enterprise). Another important feature of the CORBA (OMG 1998) technol-
ogy is that it can be used for network communication between different computer
system platforms. According to the CORBA standard, all software systems written
in different programming languages on different platforms can exchange informa-
tion via the interfaces defined by the CORBA IDL (interface definition language)
and ORBs (object request brokers).

The OMG’s CORBA technology can be used on the Internet as the communi-
cation mechanism. The ORB interoperability allows communication between inde-
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pendent implementations of the CORBA standards. The OMG also defines a spe-
cialisation of general inter-ORB protocol called Internet inter-ORB (IIOP). CORBA
has its inherent advantages in heterogeneous distributed object computing environ-
ments (Steve et al. 1997) as the CORBA specification has defined six language
mappings from OMG IDL to the most popular programming languages, and avail-
able CORBA products can support almost every popular operating system. The
new generation of CORBA, as mentioned in http://www.cs.wustl.edu/~schmidt/
corba-research-overview.html, will optimise its performance and improve its com-
munication speed and safety. The integration of CORBA, STEP and agent technol-
ogy promises to meet the various needs of developing advanced manufacturing sys-
tems. A more detailed technical introduction to CORBA technology can be found
at http://www.omg.com.

As mentioned in Section 2.2, the characteristic feature of the RPD environment
is heterogeneity in its computing and communication. This not only includes com-
puting platforms, operating systems and network protocols, but also the applications
utilised in different departments, i.e., CAx, DFx, PDM, etc. In such an environment,
CORBA technology becomes very important. In recent years, numerous approaches
using CORBA technology in manufacturing have been found (Coulson 1998). For
example, Whiteside et al. (1997) reported a CORBA-based manufacturing envi-
ronment for Sandia’s Agile Manufacturing Test-bed (SAMT). This environment
uses CORBA technology to support information integration, sharing and cooper-
ation among distributed manufacturing cells. Howard et al. (1998) used CORBA
and STEP to develop the next generation standards and measurements needed for
information-based manufacturing. Systems that were developed based on these stan-
dards can be used to support strategic partnerships among diverse and geographi-
cally dispersed companies. They are particularly effective at carrying out needed
manufacturing operations and achieve integration by efficiently managing informa-
tion flow between different manufacturing systems.

2.5.3.2 Agent Technology

In recent years, agent technology has become a popular method for improving PD
process. Although the term “agent” has been used widely, it has no unified meaning,
definition or structure (Lei ef al. 1998). It can be a hardware or software compo-
nent (Shoham 1993), or a combination medium between human users and software
tools (Hao et al. 2006, Genesereth and Nilsson 1987, Khedro 1996). However, many
researchers in different fields have implied or clearly suggested that an agent pos-
sesses certain fundamental characteristics and capabilities (Crowston and Malone
1988, Shoham 1993, Lei et al. 1998). Firstly, an agent possesses and maintains cer-
tain information. Secondly, it is able to interact with its environment and extract
knowledge from it. Thirdly, the agent is able to communicate with other agents for
information and knowledge exchange. Fourthly, it is able to process information,
messages, and events and make decisions autonomously. Lastly, the structure and
contents of an agent can be changed or defined by users through using a software
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platform. In the IRPD environment, an agent is defined as a software program that
has fundamental characteristics and capabilities as defined above. These character-
istics and capabilities of agent technology enable multi-task adjustment and con-
trol, which act as “coordinators” for the scheduling, planning and manufacturing in
a distributed environment. As discussed in Section 2.3.4, agent technology has been
widely used in diverse PD processes such as distributed manufacturing, scheduling,
planning and control (Gyires and Muthuswamy 1996, Pan and Tenenbaum 1997,
Sikora and Shaw 1997, 1998, Wang and Lin 2009).

2.5.4 STEP and SDAI

As a wide variety of software systems are applied in PD or production, e.g., differ-
ent kinds of CAD, CAE, CAPP, CAM, scheduling, and MRP systems, a PD com-
puter system environment has been formulated. In this heterogeneous computer-
based system environment, STEP is crucial for data communication and exchange
between these systems. STEP (ISO 10303, 1994a, b) is an emerging international
product data standard that uses a high level, feature-based and object-oriented ap-
proach to define products. It is able to provide a complete, unambiguous, computer-
interpretable definition of the physical and functional characteristics of each unit of
a product through its life cycle. STEP is organised as a series of parts according
to description methods, application protocols, implementation methods, and con-
formance testing. STEP uses a formal specification language EXPRESS (Zhau and
Liu 2008, Schenck and Wilson 1994) to specify the product definition information.
The functionaries of STEP have been addressed by the ISO STEP handbook. Al-
though STEP is still in its development stage (Mannisto et al. 1998), it has already
been used in various industrial fields. Various STEP-based application protocol (AP)
tools have been developed and used in PD processes, e.g., modelling generic prod-
uct structures (Mannisto et al. 1998), data migrating and translation (Mangesh et
al. 2000), information modelling (Lee 1997), feature extraction from STEP geome-
try for agile manufacturing (Mangesh and Nagi 2000), building an integrated envi-
ronment (Yang and Pei 1999) and Internet-based data exchange framework (Zhang
et al. 2000).

SDATI is a tool provided by the STEP community interfaces for data sharing and
exchange. Usually there are three kinds of data sharing methods: 1. exchange file;
2. SDALI, 3. database management system. Among these, implementation problems
make the third option difficult, while sharing by means of files is just a static data
sharing. A high level of standardisation is on the way for data sharing using SDAI,
which is a dynamic way of sharing data. This feature is very important for dy-
namic information exchanges. SDAI standardises the runtime interface to STEP
data, which enables application software to develop functions to dynamically oper-
ate STEP data. Commercial languages (e.g., C, C++, FORTRAN and Java) provide
application packages for SDAI. For example, SDAI/Java, as a binding language, has
been used in various PDs. Portability of Java enables SDAI to be easily ported to any
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node in a heterogeneous enterprise network. Hence, SDAI has become an important
tool for developing manufacturing systems that use STEP as a standard. Some case
studies are available in http://mega.ist.utl.pt/~ic-sdai/docs/.

2.6 Research Issues and Future Trends of IRPD

Despite the contributions that have been made by numerous research and devel-
opment projects to develop Internet-based systems for supporting various PD pro-
cesses as reviewed in Section 2.5, there are still some major issues that hamper
the development of IRPD systems, especially when it comes to the integration of
technologies. These problems include the requirement for a formal Internet-based
distributed data environment (Urban et al. 1999), knowledge and Al sharing and
support, global optimisation algorithms (Tu et al. 2001) and Internet communication
issues (Huang and Mak 2001b). These issues, which are briefly summarised in the
following, need to be solved before IRPD systems can be developed successfully.

2.6.1 Implementation Issues

Internet technology is used by most global manufacturing companies. As reviewed
in Section 2.5, some newly developed Internet communication technologies have
been used to develop various PD systems. However, it is still not clear how these
technologies and systems can be effectively implemented to support IRPD pro-
cesses. It is also not clear what aspects of PD can be extended and added to the
Internet-based systems. Principally, all the systems that are involved in the PD pro-
cess can be implemented using Internet technology. In addition to these technical
implementation problems, the integration of these technologies and their applica-
tions is a further problem for implementation of IRPD systems in manufacturing
companies. People in the field of product design and manufacturing may have lim-
ited knowledge of Internet technologies, whereas IT people normally do not have
enough knowledge of product design and manufacturing.

So far, to our knowledge, no literature or research report is available to review
and summarise all the implementation issues, e.g., how to develop Internet-based
systems, identify what kind of systems are suitable for upgrading to the Internet,
how to integrate design and manufacturing through the Internet and how to select
Internet-based systems for different companies. Usually, the following questions
should be asked before considering research or deploying Internet-based product
design and manufacture systems. These questions are:

1. What product design and manufacture problems are most suitable for web ap-
plications?

2. How advantageous are the web applications over standalone and usual client-
server applications?

3. How are sound web applications developed, implemented, deployed and applied
in the field of product design and manufacture?
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To develop IRPD systems, there are a number of issues that manufacturing com-
panies have to face besides those given above. The first is the identification of the
proper structure (e.g., network structure, communication protocol) for IRPD sys-
tems under a heterogeneous working environment. The second is the selection of
a programming environment that can work easily within the Internet environment
and is supported by recent Internet technologies. The third is identifying how ex-
isting technologies described in Section 5 can be used to resolve IRPD issues. The
fourth is deciding what kind of data environment the IRPD systems should be based
on. The last is identifying how existing systems can be used (e.g., how to upgrade ex-
isting standalone systems to the Internet, and connect existing product data manage-
ment systems with the Internet). Other issues, e.g., securities, ownership, efc. should
also be considered before starting the development of the Internet-based approach.

2.6.2 Systems Integration Methodologies

As discussed in Section 2.2, IRPD requires the integration of people, business pro-
cesses and information technology across the PD value cycle. This requires inter-
facing and integration across organisational functions as well as suppliers and cus-
tomers. For the development of manufacturing technologies and the emergence of
concepts like computer integrated manufacturing (CIM), there is a need for exten-
sive cooperation between different engineering activities. More recently, the emer-
gence of new manufacturing paradigms has taken the concept of cooperation to
a higher degree. Product related information like design, manufacturing, utilisation,
maintenance and disposal are not only shared among various departments within
a company, but also among various “partner” companies around the world, for ex-
ample, the sharing of new geometric algorithms (Wagner et al. 1997). This requires
a new “generation” of systems integration, which not only includes information
sharing, but also the integration of technologies for design, planning, simulation
and manufacturing. As efficient and effective information exchange between dif-
ferent systems and different people in different PD teams becomes vital for IRPD,
intensive investigation into how best to integrate various Internet-based systems that
are used at different stages of the PD process through the Internet is required. Al-
though the Internet has made a variety of types of information accessible to multiple
users simultaneously, it still does not offer a simple way to use standalone applica-
tions (Tomarchio et al. 2001), particularly those computationally and graphically
intensive applications often required at various levels in a manufacturing environ-
ment. There are many factors that affect the integration of Internet-based standalone
support systems for design and manufacturing. The obstacles to their application
are the heterogeneous manufacturing environments existing in a company or among
enterprises. Furthermore, it is difficult for any single software supplier to have the
necessary expertise to support the full suite of software modules that are used in an
enterprise to facilitate its various functional activities. Hence, new system integra-
tion techniques are the key issue to address for developing IRPD systems.
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In the early 1980s, manufacturers such as XeroX, Boeing, GE and the vendors
Digital and Computervision realised that true integration at the workgroup level be-
tween multiple CAD and CAE applications was an extremely difficult problem to
solve because of incompatible geometric representations and proprietary database
and file structures. In recent years, despite great efforts having been made to enable
system integration, e.g., integration platform by Tu et al. (2001), smart drawing un-
der networking environment by Dong et al. (1998) the PACT project by Cutkosky
et al. (1993), etc., further research and development are still needed since the issues
in systems integration have gained more and more influence on the performance of
RPD. The research issues for system integration include (Fowler and Luce 1995),
technology development, standards development, and testbed and technology trans-
fer. Technology development involves developing the necessary technologies for
systems integration. The following research issues have been identified:

1. lifetime data model for systems integration (Tu et al. 2001);
2. determining attributes of a complete and consistent model for PD processes;
3. test platform for the integration mechanisms for systems integration.

For standards development, two research issues need to be addressed:

1. re-engineer critical standard development processes;
2. improve standards and system interoperability.

Finally for the testbed and technology transfer, three key problems need to be stud-
ied:

1. establish computer support systems for electronic networks, on-line databases,
and user-friendly search techniques;

2. achieve transfer of technology over the Internet;

3. develop a supporting environment and communication testbed to perform tests.

These issues and problems will continue to be hot research topics.

2.6.3 CSCW and Interfacing Techniques

As IRPD requires the extensive cooperation of various PD systems over the net-
work environment, computer supported cooperative work (CSCW) and interfacing
techniques are becoming critical for developing IRPD systems. They directly affect
the accuracy and efficiency of the data management through the whole PD cycle.
However, the development of CSCW technologies so far has not been successful
(Lubich 1995). The main problems include:

1. the technology is not available to all in the relevant community;

2. the current technology does not support multi-interaction among various sys-
tems;

3. the technology is not compatible with normal work; and
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4. aset of rules to govern the CSCW work to meet with social and organisational
norms is still missing.

A further problem with CWCS tools is the assumption of fixed models of users or
organisational cultures, which do not meet the actual requirements of malleability
and linkability (Simone and Divitini 1995).

The interfaces in the IRPD systems should have the following capabilities:

» workbench (common user interface to multiple PD applications);

e process modelling and workflow;

* application encapsulation and invocation; and

* application data translation and transfer and multi-vender networking and plat-
form support.

The commonly used data exchange standards, e.g., CAD-NT (CAD-Normteile),
CGI (computer graphics interface), CGM (computer graphics metafile), SET (stan-
dard data exchange transport), PDES (Product Data Exchange Specification), STEP
(Standard for Exchange of Product Data), and IGES (Initial Graphic Exchange
Specification), do not have the functionalities to directly support interfacing via
variant application software packages. In recent years, tremendous efforts have been
made to solve this problem. For example, Lau and Jiang (1998) reviewed the state of
the art data modelling and exchange in enterprise integration and found that compa-
nies mainly used neutral format file to exchange data between different systems. Tu
and Xie (2001) presented an integrated product model that can be used to record all
the necessary data through a whole PD cycle into a common object to achieve data
sharing across diverse engineering applications. This product model or the com-
mon object can be manipulated directly by all kinds of computer aided engineering
software systems. As the representation of non-geometric information using STEP
is still at a preliminary stage (Wang and Bourne 1995) and industry’s reliance on
non-geometric information and knowledge-based design and manufacturing is in-
creasing, Huaglory (2001) presented an advanced life-cycle model for complex PD.
The life-cycle model called SICODEL was designed to organically incorporate the
ideas from various existing paradigms, such as CE, life-cycle engineering, DFX,
production planning and control, virtual prototype, intra-inter enterprise informa-
tion, rapid prototype and evolutionary life-cycle models of software engineering into
a whole integrated information system concept. Dorador and Young (1999) explored
the structure definition of information models for supporting the related processes
of design for assembly and assembly process planning to support the intensive shar-
ing of information required in CE throughout the life cycle of a product. Lee et al.
(1998) reported their experiences on developing information models for a variety
of manufacturing domains, such as plant layout, process planning, discreteevent
simulation (Ellis et al. 1998), and apparel pattern making for the SIMA (Support
Initiative for Multimedia Applications) and NAMR (National Association of Manu-
facturers and Representatives) Programs. Three data-modelling methodologies were
adopted in their research, these are the entity relationship (ER), the functional mod-
elling and the object-oriented (OO). Three major information modelling languages,
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as IDEF1x (the Integrated Computer Aided Manufacturing (ICAM) Definition Lan-
guage 1 Extended), EXPRESS and UML (the Unified Modelling Language) were
used for building the information framework. They also suggested that effective
information sharing and exchange between computer systems throughout a prod-
uct life cycle is a critical issue. To achieve data communication and exchange be-
tween different systems under the Internet environment, Zhang et al. (2000) pre-
sented an Internet-based STEP data exchange framework for virtual enterprises.
An Internet-based services translator for non-STEP and STEP data communication
and exchange between heterogeneous computer systems was proposed. Urban et al.
(1999) presented an integrated product data environment (IPDE). The IPDE goes
beyond the functionality of current product data management tools and deals with
product data at a semantic level using the STEP.

Despite the success of the above research, research into CSCW and interfac-
ing techniques for the purpose of RPD is still in its developing stage. Some issues
identified as main hurdles include: using STEP representation of non-geometric in-
formation is at a preliminary stage (Wang and Bourne 1995), the combination of
the Internet modelling methodology (e.g., HTML and CORBA) with STEP is not
yet mature (Hardwick ef al. 1996), and the Internet-based data translators between
various data formats are still at an early research stage (Zhang et al. 2000). These
are major research areas needed to achieve RPD.

2.6.4 Global Cost/Lead Time Optimisation

In order to make the PD process quicker and produce cheaper and better prod-
ucts, the optimisation of key parameters of the PD process is necessary and has
become very important for PD. There are some optimisation algorithms proposed
for improving the products’ competitiveness, e.g., multidisciplinary design optimi-
sation (MDO) by Yang et al. (2001), collaborative optimisation by Braun (1996),
multi-objective optimisation for engineering process by Suppapitnarm et al. (2000)
and Shea (2001) and multi-criteria optimisation in product platform design by Nel-
son et al. (1999). Product cost and lead time are the most important parameters for
a company to make a decision. They are indispensable for the success of a company.
Hence, to optimise the PD process decisively, additional tools and methodologies for
the optimisation of the PD process are required.

Instead of lead time optimisation, the literature and research reports are more
concerned with the optimisation of cost. Traditional cost estimation systems require
input data, process sequences, processing times, hourly rate for labour or machines,
and other miscellaneous data. Usually, these data are stored in a cost database. With
these data in place, the estimating process simply breaks down to a series of sim-
ple calculation and data storage. For example, Winbourne and Toolsie (1991) pro-
posed a cost estimating system that can be used at the design stage. Utilising their
costing system, the detailed specification of the process sequence is not necessary
for the cost estimation. A major drawback in their system is the requirement for
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a user to estimate some initial parameters. No approach is given on how to estimate
intelligently the values of these parameters. Wong et al. (1992) presented a cost
estimating system, called the totally integrated manufacturing cost estimating sys-
tem (TIMCES), which integrates CAD and process planning techniques into a uni-
fied system. Input for this system consists of the required processes, the process
sequences, and cost databases. However, TIMCES still considers only predefined
process sequences. Kamarthi e al. (1993) proposed a system to estimate the man-
ufacturing cost of sheet metal parts in conjunction with their process plans. Based
on the standard process sequence for the part family, the lowest production cost
is found by selecting among the alternative machines in each process stage. Their
system only considered 2D shapes or sheet metal parts. Examples of traditional
cost estimating systems can be found in Casey (1987), Goldberg (1987) and Ost-
wald (1984).

These traditional cost estimation systems have the following drawbacks. Firstly,
these traditional approaches do not have a global optimisation algorithm that can
optimise the design, process and manufacturing process. Secondly, the traditional
systems are never integrated with a CAD system for automatic data (cost and lead
time) estimation. Lastly, the traditional systems are slow and time consuming. Un-
der traditional cost estimating approaches, product costs may be misleading, per-
formance measures inappropriate, cost control unfocused, and accounting systems
irrelevant for cost management purposes. Yet accurate product costs are at the heart
of pricing decisions for new product introductions, obsolete product withdrawal,
and responding to competitive products.

From the foregoing discussion, it is clear that cost estimation is an area of great
research interest. New technologies such as neural network (BODE 1998, 2000),
activity based costing (Tamas et al. 2000), log-linear and nonlinear learning curve
model (Timothy 1999), Al and mathematical models (Cheng et al. 1997, Xie and Xu
2008) have been widely used. Although several efforts have been made, there does
not seem to exist a widely accepted system or a system with a wide applicability.
In IRPD, not only the cost, but also other key parameters (lead time, quality, etc.)
are very important for products to compete in the global market and help compa-
nies to make earlier decisions. The product developed with lowest cost, for example,
may take longer and it may lead to losing the market. Thus, real-time global multi-
objective optimisation is vital for achieving RPD goals as the market changes very
fast. To meet the requirements, the global optimising system should have the fol-
lowing features:

* optimisation of the parameters (e.g., cost and lead time) through the whole life
cycle of a product;

e robustness;

* automatic generation of process alternatives;

» specification and representation of process alternatives;

* easy connection with commercial PD software packages;

* to gain wider acceptance;

 adaption to design, production, and manufacturing environment changes;



48 2 Review of Rapid OKP Product Development

* manufacturability verification; and
* automatic selection of the process with optimal results.

Further research that leads to a multi-objective global optimisation system with
these features is urgently required by industry.

2.6.5 Virtual Reality for Manufacturing

To be able to consistently handle the demand for increased efficiency, quality, and
flexibility, and to reduce the development lead time and cost, it is becoming increas-
ingly important to structure the PD process by following a well-developed method-
ology. One important aspect of this methodology is the use of models and archi-
tectures that provide an abstract, simplified representation of reality (Doumeingts
et al. 1995). This leads to virtual reality (VR), which can be used to make better
decisions (Mujber et al. 2004). Manufacturing processes can be defined, modelled,
and verified (pre-run) before they are actually implemented. For example, virtual
NC programming and tool path control (virtual NC), virtual robotics programming
(IGRIP), virtual instrumentation and shop floor control are areas that have received
considerable attention (Boman 1995). An improved decision-making process leads
to increased efficiency and reduced costs, which are the two main goals of RPD.
VR is an emerging technology with potential manufacturing applications in areas
such as product design and modelling, process simulation, operating planning and
real-time shop floor controls (Stampe et al. 1993, Pratt et al. 1994, Wang and Nee
2009).

In IRPD, VR plays an important role as it can be used to achieve prediction of
system performance, evaluation of a certain feature in the system, design verifica-
tions and tests, comparison between alternatives, gaining knowledge of the system
at different life-cycle phases, problem detection, and presentation of predicted re-
sults. This research area covers topics such as distributed VR through the Internet,
the integration of VR with other PD tools or methodologies, and created VR manu-
facturing environments. Many researchers have made contributions in this research
area. For example, Virtual Reality Modelling Language (VRML) has become an
industrial standard (including the Internet version of VRML) and has been used in
PD processes (http://3dgraphics.about.com/cs/vrmlbrowsers/index.htm). There are
a number of VR tools available in the commercial market (reviewed by Klingstam
et al. 1999). Some VR tools such as QUEST, IGRIP and virtual NC (Deneb Co.)
have been developed and used in manufacturing. However, a VR manufacturing en-
vironment is a complex world which is made up of a large number of different 3D
models. There are problems in creating or adopting such an environment for the
RPD process. These problems call for further research. Firstly, it is a tedious and
pains-taking process to create a virtual manufacturing world (Stampe et al. 1993,
Evans 1994). Secondly, the integration of the VR world with other PD tools is not
simple. Lastly, the speed of VR via the Internet has to be improved.
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2.7 A Proposed IRPD System

The path to the IRPD paradigm can be paved by re-engineering the enterprise, re-
design and an optimised PD process, and made more agile by using various enabling
technologies. Through research, an Internet-based RPD system is suggested in this
subsection for the rapid development of injection moulds. This system can be used
in heterogeneous design and manufacturing environments. To minimise the cost of
building IRPD systems, it is preferable to standardise the IT infrastructure as much
as possible through the establishment of a software platform. This platform will be
used to develop interoperability standards needed by the company to integrate the
manufacturing processes. This proposed system does not intend to integrate all the
Internet-based systems mentioned in this chapter. It focuses on the key technologies
that can be developed and integrated to support rapid OKP development. The system
has been developed and tested in a mould manufacturing company in Christchurch.
Although this system is proposed for rapid injection mould development, the struc-
ture of the system extends well for the development of other OKP products. In fact,
an Internet-based RPD system with a similar modular structure has also been de-
veloped (Xie et al. 2001) for the rapid development of sheet metal parts. Examples
will be detailed in later chapters of the book. The effect of this research will enable
the mould industry to gain the benefits from open, modular, and re-configurable
integration of commercial software applications that support design, planning, and
production within the environment.

Figure 2.2 shows the reference structure of the IRPD system. It consists of an
IRPD software platform, a customer interface model that is developed based on
QFD (quality function deployment) methods, an Internet-based integrated PD envi-
ronment (IPDE), an Internet-based product design environment to support prod-
uct design, an Internet-based virtual process planning/assembly environment, an
Internet-based virtual simulation environment, an Internet-based virtual manufac-
turing environment, Internet-based design/manufacturing product data/knowledge
bases, and a global cost optimisation model.

The IRPD system can be accessed from anywhere inside or outside of the com-
pany. This will first help the company’s employees to work in an integrated informa-
tion environment. An Internet-based integrated product data environment is built for
data communication and exchange between various systems. The structure of the In-
tegrated Product Development Environment (IPDE) was well addressed by Tu et al.
(2001) and the information framework and data models have been well explained
by Tu et al. (2000, 2001). They can share the PD software tools, data, and work
concurrently to develop a product. This system brings together expert knowledge
of various fields in the early phases of PD. The meetings and discussions through
a PD cycle will automatically be recorded by the system when they communicate
through the software platform. Secondly, the company’s marketing staff can access
this system via the Internet to get online engineering support from the company to
address, discuss and meet customers’ needs. In the system, the modules and tech-
nologies are integrated into a continual process chain. This process chain comprises
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Figure 2.2 Reference structure of an IRPD system for rapid PD

all phases of the PD process, from customer requirements, first CAD draft and fi-
nally to the market. The system is equipped with all the necessary technology for
fast and cost-efficient development of injection moulds. Tools like Internet commu-
nication, product data management and computer simulation are integrated into the
continuous flow of data. The company’s existing computer aided engineering and
management systems such as CAD systems, knowledge management systems, and
database management system can be integrated through the software platform of the
proposed IRPD system.

The functions of the key modules in the system have been well addressed by
Tu (1996) and Xie (1996, 1998, 2000) (as shown in Figure 2.3). In this system,
a product can be designed, planned and virtually manufactured and tested with the
applications of virtual technologies and methods using computer simulations. The
customer interface model is defined to manage dynamic customer requirements so
that the IRPD environment reacts more rapidly to the changing requirements of
the market. Through the model, customer’s voices are gathered through Internet-
based customer interfaces and transferred to a shared QFD database (Tu and Xie
2001). A data analysis model is defined to match customer’s requirements to engi-
neering requirements. The data/knowledge are recorded in the design/manufacturing
database after the product is developed. They can be further used as knowledge or
references for similar PDs. Reuse of past experience and knowledge can greatly
shorten the PD cycle time. An Internet-based DFM system is developed to im-
prove product and manufacturing performance. An Internet-based DFA system is
developed to cut down assembly time and cost. A cost optimisation algorithm
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based on the shortest insert algorithm was proposed to reduce PD costs (Xie et
al. 2001). As can be seen from Figure 2.3, the IRPD system integrates software
tools for corresponding PD processes. Thus, with the integration of these tech-
nologies and models, the goals of the rapid mould development, i.e., shorter lead
time and cheaper cost, can be achieved through system integration and knowledge
reuse.

2.8 Conclusion

This chapter provides an overview of the recent approaches of Internet-based PD
methodologies for the purpose of rapidly and economically developing customised
or OKP products. Although many research reports have been published in journals,
and some Internet-based PD systems have been implemented in industry, a sys-
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temic overview and summary of these research and industrial implementations is
not available. This chapter aims to fill this gap. As manufacturing companies, par-
ticularly OKP companies, rush to acquire Internet-based PD systems for the pur-
pose of production integration, effective communication, resource sharing, increas-
ing productivity and flexibility, and reducing costs and rework, some research and
development directions have been identified in this chapter based on a review of
existing research and on industrial needs. At the moment, the research and imple-
mentation of Internet-based systems are far behind industrial expectation. On the
other hand, it is necessary for industries to understand the development conditions
and currently available technology limits on the development of an IRPD system so
they can properly select and adopt a suitable strategy.
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Chapter 3

Product Modelling in Support
of Rapid OKP Development: a Review

Abstract For OKP companies, how to better manage and record previous product
development (PD) knowledge has become a core issue to address in order to im-
prove the PD process, cut down development cost and reduce lead time. In recent
years, considerable effort has been placed on developing new enabling technologies
for OKP companies to achieve high quality and productivity, and to quickly respond
to the changing market to meet customer requirements. Product modelling is a piv-
otal activity in the PD process. Well-defined product models organise product data,
production information and knowledge to satisfy the requirements of rapid changes
in the PD environment. In this chapter, a comprehensive review is carried out of
recent developments in product modelling technology. Four types of product mod-
elling methodologies are discussed in detail. Two object-oriented product modelling
methods, including STEP-based product modelling and UML-based product mod-
elling are reviewed and compared. The research gaps and issues are identified. A
generic product modelling framework is proposed to implement product modelling
into the current integrated manufacturing environment. Future research trends in
product modelling are also discussed.

3.1 Introduction

Today, most manufacturing enterprises are facing intensive competition from the
global market. How to better manage and enhance their PD processes has become
a core issue for every manufacturing enterprise. It is essential to seek an appropriate
way to improve PD processes, which include shortening product life cycle, cutting
development cost, reducing lead time, achieving high quality and productivity, and
quickly responding to market changes to meet customer requirements (Xie et al.
2003, Tu et al. 2006). Effective utilisation of product information is essential to
achieve the above requirements in the new manufacturing environment. Product in-
formation sharing and exchange between various stages of PD processes can lead
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to optimal solutions for developing a product, and has become of paramount impor-
tance for a company to succeed.

In recent years, various techniques have been developed in support of the inte-
gration of product information (Lee 1997, Lee and Kim 1999, Xie et al. 2001, 2003,
Lee et al. 2004). However, in manufacturing industry at present there are many dif-
ferent types and versions of software tools employed to support PD activities such
as product design, process planning and manufacturing. Different systems may use
different formats for information representation. This makes it very hard to inte-
grate and share product information and knowledge even within a single company.
Product modelling technology has been widely utilised in PD processes, and plays
a fundamental role in supporting effective information and knowledge sharing.

The product model is an entire product information database, which describes the
product completely and unambiguously. It contains two general types of informa-
tion: physical product design information represented by the design model; and pro-
cess information, represented by the process and data model (http://pdesinc.aticorp.
org/glossary.html). Different manufacturing systems, such as computer aided (CAX)
systems, and product data management (PDM) systems, can employ the product
model as a proper information carrier to support various PD activities. The mod-
elling processes are divided into different stages (Schenck 1994, Lee et al. 2004).
Modelling methodologies and technologies as well as support facilities, software,
and modelling technologies are defined and prepared. In the second stage, a prod-
uct information model, or product data model, is built up. The product information
model is an important concept in the modelling processes. It is defined as a mecha-
nism to organise and structure product data for the various PD activities. The overall
model contents and structure defined in the previous stage are detailed and rep-
resented by different modelling technologies. The product information model can
be further utilised as a basic element to develop new manufacturing systems. In
the last stage, the product information model constructed in stage two is imple-
mented to generate the product model. The product model stores the actual data
on a suitable media, such as neutral file or database. Product models are directly
employed by manufacturing systems to support product information manipulation.
Thus, the product model can be considered the core resource supporting PD pro-
cesses.

Product modelling is an indispensable information technology in PD processes,
and has been continuously developed and explored to adapt to changes in the cur-
rent manufacturing environment. In the beginning, the product model can represent
product data only in one aspect. Other systems cannot directly utilise it as the con-
vention work must be done in advance. In the computer integrated manufacturing
(CIM) environment, this type of product model may result in an “information is-
land”, and missed data and repeated data may occur. Data exchange barriers exist
between different systems due to limitations of the conventional product model.
Therefore, product modelling technologies must be optimised to adapt to the inte-
grated manufacturing environment. Different systems can use the same model with
the same representations to represent product data. In this way, the effectiveness
and efficiency of product data utilisation throughout the entire PD process can be



3.2 Product Modelling Methodologies 65

improved. Thus, it is necessary to analyse current research and implementation of
product modelling technologies, and to incorporate new technologies.

The product modelling concept was first recognised at an early stage when trying
to integrate systems in support of various stages of the PD process, such as product
design, process planning and manufacturing (Brooks and Greenway 1995, Zhang et
al. 1995, Liu et al. 2000). There were no standard modelling methods and the focus
was placed on how to connect systems practically. Later, with the development of
feature-based modelling methodologies and object-oriented programming methods,
product modelling was identified as a research area, and gained more attention after
“integration” became crucial to PD processes (Xue and Dong 1994, Chen and Wei
1997). The development of STEP has moved product modelling into a new area,
which enables one to integrate various PD systems using STEP as a standard (Lin ez
al. 2005, Zha 2006). STEP also defines a formal modelling language, EXPRESS, to
support represention of the product data, and is the basis of the entire STEP standard.
Abundant standardised modelling resources are defined in STEP using EXPRESS.
Recent developments in product modelling have seen a wide use of STEP as the
basic modelling infrastructure. In this chapter, the focus is on a review of recent
developments in product modelling after STEP was developed, with the intention
of identifying research gaps and issues in the area. The main goal is to develop
a generic product modelling framework that is able to model product information
throughout the whole product life cycle in different manufacturing environments.

The chapter is organised as follows. Section 3.2 discusses the four basic prod-
uct modelling methodologies. Section 3.3 reviews recent developments in the most
popular information modelling technology, object-oriented product modelling. Sec-
tion 3.4 introduces recent developments in product modelling methods. Section 3.5
proposes a generic product modelling framework, which can support product mod-
elling in the current integrated PD environement. Conclusions and future develop-
ments in product modelling are presented in Section 3.6.

3.2 Product Modelling Methodologies

Many product modelling methodologies have been reported in the literature and
they can be generically categorised as follows: solid product modelling, feature-
based product modelling, knowledge-based product modelling, and integrated prod-
uct modelling. In this chapter, the four modelling methodologies are discussed and
their details compared.

3.2.1 Solid Product Modelling

Solid product modelling is a technique used to unambiguously represent the product
information of 3D shaped objects. The most common solid product modelling meth-
ods are boundary representation (B-Rep) and constructive solid geometry (CSG).
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The B-Rep modelling method considers the solid object as being bounded by a num-
ber of faces, which are bounded by a number of edges, which in turn are bounded
by two vertices. The main advantage of B-Rep modelling is that product geometric
information about the faces, edges and vertices is explicitly stored in the repre-
sentation, which enables fast display. CSG modelling constructs the product based
on a collection of primitive solids, such as cubes, cylinders and spheres. They are
combined by applying set operations (union, difference and intersection) and repre-
sented by a binary tree called the CSG tree. The main advantage of CSG modelling
is that it can define complex objects with a compact and simple data structure. It is
possible to covert between the two solid modelling methods and there is literature
discussing the integration of B-Rep and CSG (Pilz and Kamel 1989, Kodiyalam et
al. 1990, Shapiro and Kossler 1993) (refer to Appendix A.2).

The solid modelling methods are very mature now and the solid product model is
widely used in different PD phases. However, since solid modelling approaches such
as CSG and B-Rep merely focus on building geometric models with low-level geo-
metric details, they are quite different from how a human designer designs a product
(Chen and Wei 1997). Even if some models contain parts of the technical product
data, such as dimensions and tolerances, the solid model still lacks the mechanism
to present other necessary information for the entire PD life cycle, especially the
manufacturing data, product functionality information, efc. To solve this problem,
the feature concept was generated for use in product modelling processes.

3.2.2 Feature-based Product Modelling

A “feature” can be viewed as information sets that refer to aspects of form or other
attributes of a part, such that these sets can be used in reasoning about the design,
performance or manufacture of the part or assemblies they constitute (Salomons
et al. 1993). From the definition, it can be seen that the “feature” naturally asso-
ciates product geometric data with other types of data, such as the machining feature
containing manufacturing information, the assembly feature consisting of assembly
process data, efc. Thus, it is believed that feature-based modelling has several ad-
vantages over conventional CSG and B-Rep approaches (Chen and Wei 1997), such
as capturing design intents, associating functionality with product geometry, and
working on high level shapes instead of geometric details. It was first introduced
in computer aided process planning (CAPP) applications using shape patterns, such
as pocket, step, efc., which present rich information to the process planner because
there are only a limited number of ways to machine them. Using features can pro-
vide sufficient information, both geometric and non-geometric, to speed up the PD
process.

The feature, in general, can be distinguished as a design feature or a manu-
facturing feature. The design feature, represented as mechanical components and
mechanisms, can support the designer to communicate with a design system easily
according to the design intent, and to satisfy the design functions. The manufactur-
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ing feature, which is more important, is the interpretation and the combination of
“form features from the viewpoint of manufacturing, assembling, and inspection”
(Krause et al. 1993). An intelligent and comprehensive feature-based PD can be
formed to support CAD/CAPP/CAM integration through cooperation with feature-
related techniques, such as feature extraction, validation, mapping etc. Due to this,
feature-based product modelling is now quite popular.

An abundance of research into feature-based product modelling has been re-
ported in the literature. Primitive efforts used the solid modelling method, such as
CSG and B-Rep, to present form features (Pratt 1988, Wingard 1991, Yang and
Li 1992). Recently more effort has been concentrated on modelling non-geometric
product data based on the feature concept. Xue and Dong (1994) introduced the
design feature coding system and the manufacturing feature coding system in
a feature-based concurrent design system. The design functions, product geome-
try and production operations are the modelling criteria used for the coding sys-
tems. Chep and Tricarico (1999) specified features as form feature, precision fea-
ture, technological feature and manufacturing feature. The first three features were
called primary features and were used to generate the manufacturing features (with
certain constraints). All feature data were extracted from CAD systems and manip-
ulated in a generative CAPP (GCAPP) system. Van Holland and Bronsvoort (2000)
and Chang and Ning (2001) both discussed the use of assembly features to sup-
port assembly product design and assembly processing. Gao et al. (2000) proposed
an intelligent feature-based product modelling system in which the product model
used an application feature and a system feature to present geometric information,
non-geometric attributes and knowledge related to the product.

The above examples show a wide range of implementations of feature modelling.
The feature objects can provide high density information sets for all PD activi-
ties. Ideally, features can logically integrate all kinds of product information at the
product design stage. Feature-based modelling can be considered an extension of
the solid modelling method and plays a more important role in the CIM environ-
ment.

3.2.3 Knowledge-based Product Modelling

Knowledge-based product modelling is characterised by the use of artificial intel-
ligence technologies such as reasoning mechanisms, constraints, efc., in the mod-
elling processes. One important characteristic of knowledge integrated models is
the ability to build abstract taxonomies of products or processes as objects and to
store knowledge about former designs, possible alternative parts in an assembly or
the abilities and validity of processes used for a specific class of products (Krause
et al. 1993). The use of this knowledge can greatly reduce unnecessary re-analysis,
re-design, and re-planning, simplify modelling tasks, and ensure modelling qual-
ity. The knowledge-based product model can be used in a knowledge-based system
(KBS) for such applications as product design and process planning.



68 3 Product Modelling in Support of Rapid OKP Development: a Review

Salustri (1996) presented a formal theory for knowledge-based product model
representation, namely Axiomatic Information Model for Design (AIM-D). Based
on axiomatic set theory, the AIM-D provides a formal basis for the notions essential
to design, such as features, parts and assemblies, systems, and subassemblies. It is
not a product modelling system per se, but rather a logical product structure whose
axioms define criteria for determining the logical validity of product models. Zhang
et al. (2005) proposed the concept of knowledge component, which includes product
configuration rules, constraints and knowledge reasoning mechanisms. The authors
used this intelligent and integrated object to build up a knowledge representation
model for product configuration purposes.

A key issue for knowledge-based product modelling is the product knowledge
representation. Most of the knowledge involved in product process development
can be represented in terms of production rules. The rule states the knowledge in
two parts. The first part of the rule, called the antecedent or left-hand-side (LHS),
expresses a situation, while the second part, called the consequent or right-hand-
side (RHS), states the actions or conclusions that apply if the situation is true (Juri
et al. 1990). A typical rule can be represented as “IF-THEN” actions. Other knowl-
edge representation methods include frame-based knowledge representations and
case-based knowledge representations. These three methods are often used in an
integrated way to support complex manufacturing knowledge representation. Juri
et al. (1990) integrated frame-based and rule-based knowledge representation in
a feature-based modelling system. Lou et al. (2004) used a frame-rule structure to
process the application knowledge in a KBS mould product design system. The
frame represented the objects in project modelling and the rule represented field
knowledge. The rules were integrated in a related frame. In addition, this mould-
based KBS consisted of a cased library to support case-based reasoning. All these
examples offer an efficient way to evolve a CAX integrated environment.

3.2.4 Integrated Product Modelling

The expression “integrated” denotes semantic integration, which means basic func-
tionality offered by computer applications for design, planning and production ex-
tended with the semantics needed to support real enterprise integration (Gielingh et
al. 1991). Thus, an integrated product modelling methodology can be a functional
combination of different modelling methods. All kinds of product data, including
geometric product data, feature information and product knowledge, can be mod-
elled using the integrated modelling method and stored in a related integrated prod-
uct model. In addition, the integrated modelling method can present product data at
different stages of the product life cycle. Therefore, the integrated product model can
provide sufficient product data to support the various computer application systems.

Much effort has been focused on integrating the feature concept and the knowl-
edge base within the product model. This is because the feature concept can provide
a mechanism to manipulate geometric information as well as non-geometric func-
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tional information; the knowledge base can support and make full use of the high
level product data associated with feature concepts. Thus, PD can process in an in-
formative and intelligent environment, and achieve high effectiveness and efficiency.
Chen and Wei (1997) developed a feature-based design system for net shape product
manufacturing. In the design evaluation module of the system, a feature-based prod-
uct model (the form feature), a data model for representing the technique product
data (the manufacturing feature) and a knowledge model were tightly merged to-
gether to ensure validation of the net shape product design. Song et al. (1999) used
feature and manufacturing knowledge stored in an integrated product model to sup-
port the real-time concurrent product and its production process design system. Roy
and Kodkani (1999) described an integrated collaborative product design system
which operates under a single internet interface and consists of several servers geo-
graphically dispersed. The semantic and syntactic content of the product model can
be accessed and manipulated through the single Internet interface to demonstrate
the system’s open architecture and interoperability. Brunetti and Golob (2000) pre-
sented a feature-based integrated product model that can handle conceptual design
information. Through this model, the early design can link with downstream part
and assembly modelling.

Integrated product models are widely used in PD activities. Baum and Ramakr-
ishnan (1997) reported research on new 3D product modelling technology in a ship-
building application. This modelling approach associates geometric information and
non-geometric functionals based on the integrated database system. The new 3D
product model can satisfy the information requirements for concurrent ship build-
ing. Chen and Jin (2005) analysed the characteristics of multidisciplinary collab-
orative design (MCD) of a product and proposed a new MCD-oriented product
information model (MCDPM) that integrates physical structure, design semantics
and collaboration management data. Oetter ef al. (2004) discussed the merits of
using an integrated product model that provided product manufacturing and life cy-
cle information in the ship building industry. Horvath et al. (2000) discussed how to
represent human design intent in the integrated product model. Lin et al. (2005) pre-
sented a framework for an integrated product model to combine both product static
information and dynamic evolvement information to support data integration and
process integration. The software prototype, SCC-ProModelling system was used
for aerospace PD.

The above research used the integrated product modelling approach or the inte-
grated product model to support different PD stages in different applications. The
integrated product modelling method is therefore considered the most promising
modelling method in today’s CIMS environment.

These four methodologies take different views to structure the product data and
represent them in proper formats. They appeared in the sequence listed above. The
development history of these modelling methodologies indicates the changes in the
kind of information required by the manufacturing environment. The primitive mod-
elling methodologies focused on modelling the low level, detailed product design
data, e.g., the CAD 3D model. Because the current manufacturing environment re-
quires comprehensive ranges of data including design data, manufacturing resources
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information, production knowledge, efc., a product model with only geometric data
cannot fully satisfy the requirements in the current manufacturing practice, and will
lead to problems in the PD processes. Modelling of high level, semantic product
data into a functionally integrated product model is now required. Appendix A.2
lists some of the papers reviewed in this chapter. The modelling methodologies,
data format of the models, modelling purposes, tools used and the advantages of the
product models are shown.

3.3 Recent Developments in Product Modelling

Object-oriented (OO) is an important concept in the engineering domain and has
been widely used in many applications. The Object-oriented technology emerged
in the late 1980s and was applied initially in the object-oriented programming lan-
guage. The mainstream programming languages, such as C++, Java, efc., are now
all Object-oriented. The feature characteristic of the Object-oriented concept and
technologies is the use of an “object” as the basic element to present a real-world
thing or concept. The advantage of this is its ability to encapsulate the data, in-
cluding its structure and its manipulations, into the object. Message transmissions
among objects are the ways to invoke operators. No direct use of an operator within
an object is applied, which can enhance information security. The object also has
the character of polymorphism, which means the use of various names to point to
the same object in order to reduce the complexity in system development and to
increase the flexibility of the system. A set of objects sharing a common structure
and common behaviour is defined as a “class”. The class has the characteristic of
inheritance, which means the common attributes and methods of a subclass are col-
lected from its superclass. Inheritance implies that all subclasses can have data or
methods transferred from the superclass, which can support the reuse of data and
omit data repetition. The object-oriented methodology offers advantages such as
process flow simplification, cost reduction and resources waste reduction (Sanchez
and Choohineh 1997), design standardisation and reuse (Linthicam 1995, Amaitik
and Kili¢ 2007), improvement of efficiency and effectiveness, and repetitive sources
reduction (Allen 1996). Due to this, the object-oriented paradigm has been widely
extended to many engineering domains.

Object-oriented technology merged into the product modelling domain in the
early 1990s, and was termed object-oriented modelling. Since then, it has become
the most popular modelling method. Rumbaugh ef al. (1991) described how the
object-oriented method can be used for modelling. The authors used three models
to describe a system (product): the object model, describing the objects in the sys-
tem and their relationships; the dynamic model, describing the interactions of the
system; and the functional model, describing the data transformations within the
system. Since an “object” can consist of not only information but also functions,
Object-oriented modelling techniques have many advantages over other methodolo-
gies. Thus in PD processes, the object-oriented method is the most popular mod-
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elling methodology, not merely for modelling product, but also for modelling pro-
duction processes and PD systems.

3.3.1 Object-oriented Product Modelling

Object-oriented product modelling combines object-oriented concepts and tech-
nologies with the various modelling methodologies. All the advantages of object-
oriented are naturally brought to this product modelling process. Hvam (1999)
demonstrated an entire procedure for building up an object-oriented product model.
Within the seven sequential phases, object-oriented technologies, such as object-
oriented analysing, object-oriented design, and object-oriented programming are
engaged as the key elements for constructing the product model. With the help of
object-oriented product modelling technology, the modelling tasks become more
precise, effective and efficient. Object-oriented modelling technologies are suit-
able tools for the implementation of product modelling methodologies, such as
feature-based, knowledge-based and integrated modelling methodologies. These
object-oriented technologies include object-oriented programming, object-oriented
database, object-oriented database management system, and some specific object-
oriented modelling languages, such as the Unified Modelling Language (UML),
EXPRESS language (ISO 10303-11: 1994(E)), etc. Much implementation effort has
been applied in this field.

Gu and Zhang (1994) presented an object-oriented product model, named OOPM,
which was used in an object-oriented process planning system. The product model
contained three parts: CSG tree object (part geometry), feature object (technical
information), and solid primitive object. Chen and Wei (1997) merged product de-
sign and process knowledge into an object-oriented feature-based product model
for concurrent net shape manufacturing. Chep and Tricarico (1999) discussed the
object-oriented analysis and design approach for modelling product manufacturing
features; they used an object-oriented system analysis method to specify eight mod-
els to represent the manufacturing features based on interactions between the pri-
mary features extracted from the CAD model. The manufacturing feature model
could be employed by a GCAPP system to automatically generate the machin-
ing operation sequences. Sormaz and Khoshnevis (1997) recommended an object-
oriented approach to model the process planning knowledge in a hierarchical struc-
ture. Chen (1999) presented an object-oriented infrastructure including a product
model, a knowledge model, and a data model. These models were represented as
a common schema object and developed by object-oriented modelling techniques.
They were then integrated for implementation in a computer-aided concurrent net
shape product and process development environment.

It can be seen from the above efforts that object-oriented modelling methods can
form the product data into a well defined structure. All the data are more easily
utilised and modified. An important research direction for object-oriented product
modelling is the presentation of product data in a standardised format to make the
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product model more adaptable. Two major achievements have been obtained: the
first is the development of STEP-based product modelling; the other is UML-based
product modelling.

3.3.2 STEP-based Product Modelling

STEP is the acronym for Standard for the Exchange of Product model data, which
are serials of International standards codified as ISO 10303. STEP is being devel-
oped to enable complete and correct interchange of product data between various
CAD/CAM systems, other manufacturing related software, and vendors (Jordon
1994). It was formally published in 1994 and it is now widely accepted by aca-
demic researchers, system vendors, and industrial experts. The scopes of STEP are
(ISO 1994-1:1994(E)):

* the representation of product information, including components and assemblies;
» the exchange of product data, including storing, transferring, accessing and
archiving.

STEP defines a formal modelling language EXPRESS to represent product data.
This is the basis of the entire STEP standard. EXPRESS is a data description lan-
guage (DDL), and can precisely describe the data structure (including data type,
data relationship, etc.) but not the data value. The entity-attribute structure is utilised
for modelling. EXPRESS supports the utilisation of functions and constraints. EX-
PRESS is suitable for building up the product information model, especially for
complex modelling tasks. It also has a graphical representation format, namely
EXPRESS-G. These two are compatible and can be converted into each other.
Abundant standardised modelling resources are defined in STEP using EX-
PRESS. These resources can be classified into two categories, integrated resources
and application protocols (APs). The integrated resources are a part of an Interna-
tional Standard that defines a group of schemas used as the basis for product data
representation. The APs are a part of ISO 10303 which specifies an application in-
terpreted model satisfying the scope and information requirements for a specific
application. The two main approaches of implementing STEP-based product mod-
elling are modelling based on APs, and modelling based on integrated resources.

3.3.2.1 Modelling Based on APs

APs provide well defined information models for a specific application. Thus, AP
users can directly use this standardised model to organise the product data in this
domain. For example, the AP203 (ISO 10303-203: 1994(E)), which is for configu-
ration controlled 3D designs of mechanical parts and assemblies, has been accepted
by many CAD systems, such as Pro/Engineer, Solidworks, as one kind of formal
product geometric data representation format. Shaharoun et al. (1998) employed
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AP203 as the basis for geometrical data representation in a product data model
for developing plastic products. Hur et al. (2002) used STEP AP203-based product
models as the geometric product data input basis for process planning of a hybrid
rapid prototyping system. This paper showed that manufacturing computer systems,
which are compatible with the AP203, can naturally integrate with CAD product
data in the AP203 format to form a CIM environment.

AP214 (ISO 10303-214:2001(E)) and AP224 (ISO 10303-224:2001(E)) are
widely used as well. AP214 is for automotive mechanical product design and plan-
ning processes, but it can also be partially used in aviation manufacturing or other
heavy industries. Meng et al. (1997) presented a STEP-based feature modelling
system, based on AP214. Chin et al. (2002) also proposed an integrated product
model (IPM) for concurrent engineering development. The four components of
IPM (a geometric model, a feature model, a product definition model, and an in-
tegrated core model) were built on the basis of the AP214 framework. Hoehn et al.
(2003) presented a product model based on AP214 for gear units. The model cov-
ered all data aspects of the gear product and its manufacturing processes. AP224
defines many machining features to support process planning. This part is natu-
rally associated with the feature-based modelling methodology to support the pre-
sentation of product manufacturing data for process planning. Usher (1996) pre-
sented a STEP-based object-oriented product model based on AP224. This model
supported the CAPP analysis process. Sharma and Gao (2002) developed a proto-
type STEP-enabled manufacturing planning system (SMPS). The system employed
a feature-based product model based on AP224. The AP224-based product model
can automatically support process plan generation in the SMPS without any user in-
teraction. Xie et al. (2001) proposed a WWW-based PD platform for intelligent and
concurrent sheet metal products design and manufacturing. A STEP-based object-
oriented modelling method was used in their approach.

Much effort has been applied to use multiple APs to support modelling. These
efforts discussed product models based on AP203 and AP224, which can support
CAD/CAPP integration (Brooks and Greenway 1995, Zhang et al. 1995, Liu et al.
2000). AP203 provides a standardised representation method for the low level prod-
uct geometric data, and AP 224 supports the representation of high level product
feature data. Those two kinds of data are compatible and can be combined to sup-
port sufficient information for the whole PD processes. Liang et al. (1999) employed
multiple STEP APs (AP203, 209, 214, and 224) to structure an integrated product
data-sharing environment to support product information sharing and transferring.
The use of multiple APs can easily model product data in different engineering do-
mains or applications to support complex PD processes.

3.3.2.2 Modelling Based on Integrated Resources
Integrated resources are the generic information model about the basic product data.

Due to this, a product model based on integrated resources has great adaptability.
Gu and Chan (1995) developed a STEP-based generic product modelling (GPM)
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system. GPM is structured based on five libraries: product and version; product
definition and relationship; geometric item; material; and tolerance. Integrated re-
sources were used to model these five libraries. GPM supports a complete product
information structure with standard data representation to achieve the requirements
of the concurrent engineering environment. This model can adapt to different appli-
cation uses. In some cases, the actual applications are beyond the scope of the cur-
rently available STEP APs. The STEP integrated resources can be used to construct
new STEP-compatible modelling resources to satisfy the modelling requirement for
a particular application. Tang et al. (2001) presented a STEP-based product mod-
elling system for concurrent stamped part and die development, which consists of
a three-layer architecture (application, logical and physical layers). They also pro-
posed an integrated product model for concurrent stamped part and die development
called DPIIM (Die&Product Integrated Information Model) whose key feature is the
connection of integrated resources to provide an integrated information structure for
creating a standard data model for concurrent stamped part and die development.
Six EXPRESS defined schemas are constructed to describe DPIIM at the logical
layer, which covers all the information pertaining to the stamped part, stamping
die, actions, shape representation, manufacturing resource, tolerance and material.
Thus, the DPIIM could provide a complete, comfortable and neutral definition of the
modelled objects and the interrelationships among them, which can guarantee data
consistency and completeness, and reduce data redundancy. Zha and Du (2002) se-
lected STEP integrated resources and defined new STEP-compatible model entities
to form a product information model for a mechanical product and assembly in-
formation. This STEP-based product model used five kinds of fundamental product
data: nominal shape information; form feature information; tolerance information;
mechanical part information, and assembly information, which provided sufficient
information to support an integrated knowledge-based assembly planning system.

3.3.2.3 Development of STEP-based Product Modelling

STEP is still under development. New APs have been organised for other engi-
neering applications, and some published parts have been updated to new versions.
Some researchers have tried to integrate STEP with other standards to provide more
comprehensive support for product modelling processes. Arnold et al. (1999) intro-
duced a modelling method that used STEP and ISO Part Library to define an inter-
mediate model to support product modelling in CAD/CAE applications. The STEP
Tools Inc. launched a project named Super Model in October 1999. This project
proposed to employ the STEP and STEP-NC (ISO 14649) to set up a comprehen-
sive modelling environment and to provide standardised resources. The new model
can support product data exchange and sharing within the whole life cycle of PD
processes, including CNC machining processes. There have also been efforts to im-
prove STEP-based product data exchange and sharing capability and efficiency. The
HDFS5 file has been researched and is considered a suitable mapping file format to
represent a large EXPRESS product data set.
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The STEP-based product modelling method provides a standardised, compre-
hensive, extendable and adaptable modelling environment for different engineering
applications. Both product geometric data and manufacturing data can be modelled.
The STEP-based product model is more informative than conventional product
models and can provide the neutral data exchange facility to support data exchange
and sharing between PD systems, thereby removing the existing barrier between
current systems. Therefore, STEP and its enabling product model are the most im-
portant basis for the development of CIMS.

3.3.3 UML-based Product Modelling

UML is a formal modelling language defined by Object Management Group (OMG).
It is a graphical modelling language rather than a programming language. UML
is used for specifying, visualising, constructing, and documenting the artefacts of
software systems, as well as for business modelling and other non-software sys-
tems. Within a UML-based model, both static and dynamic data can be modelled
using UML class notation. The inner structure of the model can be explicitly rep-
resented by UML diagrams, even in the case of modelling very large and complex
products like aircraft and shipbuildings. Many commercial software toolkits support
UML model development. UML notation can be mapped into other programming
languages, and the UML model can be implemented as the product data model for
various manufacturing computerised systems. There are many reports in the litera-
ture using UML as the modelling tool to model products.

Canciglieri and Young (2003) used UML diagrams to represent three product
data models to support injection moulding product development. The entire model
was structured based on the viewpoints of mouldability, mould design, and mould
manufacturing. These submodels are naturally linked and form a comprehensive
multi-viewpoint product model to support team-based design, and adopt various
manufacturing systems. Lee et al. (2004) developed a UML-based feature-based
semantic product model for the hull design of a very large crude oil carrier. The
model consists of four submodels; the generic model, the feature model, the part
model, and the assembly model. This model can provide necessary information for
the CAE system to analyse the ship hull structure model. The National Institute
of Standards and Technology (NIST) of USA developed a UML-represented prod-
uct model known as the core product model (CPM) (Fenves 2002). It is a generic
product model, and models the most basic product data needed for any engineer-
ing application. The CPM model can be used as the core and extended for par-
ticular applications, e.g., the product family evolution model (Wang et al. 2001)
and the open assembly model (Rachuri ef al. 2003) extended the UML-based CPM
to model product family information and product assembly information, respec-
tively.

Both object-oriented modelling languages UML and STEP EXPRESS/
EXPREDSS-G, are computerisable, and are able to be converted to executable
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programming languages. The two can also map to each other. Both UML and
STEP have the ability to model complex products as they have sufficiently de-
fined notations. However, unlike UML, which only provides a standardised graph-
ical data representation method, STEP offers more functions. STEP has lexical
and graphical data representation methods, which means that STEP-based prod-
uct models can contain and represent more detailed and comprehensive infor-
mation. In addition, STEP defines standardised resources for different PD ac-
tivities and different engineering applications. All engineers can use these stan-
dardised resources to carry out PD processes. Thus, the information exchange-
ability of the STEP-based model is much higher than that of the UML-based
model in the CIM environment. The STEP-based modelling approach is the more
promising.

3.4 Research Issues and Future Trends in Product Modelling

Section 3.3 reviews the contributions that have been made by numerous research and
development projects to develop product modelling standards and methodologies
to support the integration of various PD systems. However, there are major issues
which hamper the development of a possible product modelling framework that can
be used to model products of different types, product related information at different
stages, and information exchange among various PD systems, especially when it
comes to the integration of PD systems. These problems include the integration
of STEP, STEP-based modelling methodologies and resources, modelling products
of different types, product modelling and implementation methods to support the
integration of PD systems. Also, there is still work to be done on the integration
of product modelling, database technology and internet technology in support of
product data sharing in distributed environments.

The STEP standard has been implemented in product modelling since 1994. As
discussed, research has been very active in the last two decades, using the stan-
dardised product data representation of STEP to construct product models. How-
ever, most of the research work is still very limited in terms of how the STEP stan-
dard, STEP-based modelling methodologies and resources can be integrated to form
a complete STEP-based modelling framework. The focus has been on how products
at various stages can be modelled, the integration of CAD, CAPP and CAM, and
the further development of STEP for various types of products. With the develop-
ment of the STEP standard, STEP-based modelling methodologies and resources,
we believe it is now possible to develop a generic STEP-based modelling framework
which can provide an effective infrastructure for modelling products of various types
in different manufacturing environments.

In today’s cooperative manufacturing environment, different manufacturers need
to exchange and share data on different types of products. However, due to the vari-
ability of product models, preliminary work needs to be done to convert the product
data from different models. In many cases, this data conversion cannot ensure that
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all product information are properly converted into the required format. Missing
data and conversion faults greatly impact on cooperative manufacturing activities.
Thus, research to develop a generic product model capable of adapting requirements
to model various types of products is essential.

Currently, product models have been developed to support an individual manu-
facturing process but do not have the capability to support a range of manufacturing
processes. This limitation of current product modelling affects the implementation
of product models to integrate different manufacturing systems and to realise con-
current engineering. Therefore, new product modelling and implementation meth-
ods for integrating various PD systems at different stages of the product life cycle
are required.

Some preliminary research work has attempted to address some of these product
modelling issues and to indicate future development trends in product modelling.

3.4.1 Modelling Product Family to Support
Customised Manufacturing

The development of product families has received increasing interest in recent years
because by sharing components across products, a family of products can be de-
rived to provide variety while maintaining economy of scale (Du et al. 2002). It
is also a cost-effective and time-efficient way to implement customised manufac-
turing. Nayak et al. (2002) presented a variation-based platform design method to
identify the common platform parameters and the non-platform variables (scale fac-
tors) in a tradeoff between the standardisation requirement and the need to sat-
isfy a range of performance requirements during product family design, which
aims to satisfy a range of performance requirements using the smallest variation
in product designs in the family. Du er al. (2002) introduced graph grammar for-
malisms for product family modelling, which defines a product family as a struc-
tured system to create a variety of products with shared core product technologies.
It not only involves the shared base product, but also encompasses customisation
modules, standard designs, and primary patterns of variety to generate custom de-
signs. Jiao and Tseng (1999) developed an information modelling framework for
product families through a generic product family architecture representation to
minimise data redundancy and to support mass customisation manufacturing. The
framework is based on a combination of elements of semantic relationships with
the object-oriented data model. Zhang et al. (2006) proposed a functional mod-
elling approach to support identification of both shared and individual modules
across a family of products for module-based product family design. After separate
functional modelling of each product variant, the individual functional models are
merged into a single, coherent, and unified family functional model to determine
all the shared and individual behavioural modules. This approach provides a fast
method for generating new concept variants during conceptual design of a family of
products.
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3.4.2 Product Modelling in Conceptual Design

As many companies have demonstrated over time, a conceptual design for a new
product contributes greatly to an improvement in competitiveness, because it per-
mits a reduction of costs, an increase in quality, and often, a shortening of the time
necessary to get the product on the market.

In Tay and Gu (2002) a function-based product model for conceptual design sup-
port is proposed. This enables modelling of a product in both the functional domain
and physical domain at different levels of abstraction corresponding to the informa-
tion requirements in different stages of the product design process. In each domain,
the information is organised hierarchically according to the product decomposition
structure. The two domains are interrelated and linked through function—form map-
ping relations, which allow designers from different backgrounds with various in-
terests to access the design information and to identify the possible design solutions
through function reasoning. A prototype system was implemented to demonstrate
the proposed product model. Ayag (2005) proposed an integrated approach to eval-
uating conceptual design alternatives in a new PD environment. The analytic hierar-
chy process (AHP) technique is used to evaluate the conceptual design alternatives
by ranking them using scores obtained from the process. A simulation generator in-
tegrated with AHP is the use to perform economic analyses for the AHP’s high-score
alternatives. Finally, the results of both simulation and AHP are used in a benefit/
cost analysis to reach a final decision on the conceptual design alternatives. Brunetti
and Golob (2000) introducd an approach towards a feature-based integrated product
model that incorporates a feature-based representation scheme for capturing prod-
uct semantics handled in the conceptual design phase and links early design with
downstream applications of the PD process, such as part and assembly modelling.

3.4.3 Modelling Assembly Product

Assembly product is a different type of product from a mechanical product. The
manufacturing process of assembly product requires both product geometric infor-
mation (the entire product and its components) and assembly-related information
(i.e., assembly methods, assembly hierarchical relationship, etc.). Smith et al. (2001)
used a three-matrix (connection matrix, support matrix and interference-freeness
matrix) based product model to represent the required assembly information. With
the support of a genetic algorithm, the stability problems that occur in mechani-
cal product assembly sequence planning can be resolved. Yang et al. (2002) dis-
cussed an assembly-oriented product model for assembly planning and simulation
of stamping die tools. The entire model consists of configuration information, all the
solid models of component parts, and assembly relations represented by an assem-
bly graph. The assembly of stamping die tools is divided into several subassemblies
and individual parts. A hierarchical assembly tree is generated based on the assem-
bly graph and assembly sequence planning can be generated by reasoning on the
assembly product model and the assembly tree.
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More recently, the STEP standard has been merged into assembly product mod-
elling. It brings standardised data representation and a strong data exchange capa-
bility to the assembly model. Baysal et al. (2004) discussed the NIST Open Assem-
bly Model (OAM). The OAM emphasises the nature and information requirements
for part features and assembly relationships. It uses the model data structures of
STEP to provide a standard representation and exchange protocol for the assembly
product. The OAM can realise seamless integration of assembly product informa-
tion throughout all phases of a product design. Zha (2006) developed a STEP-based
product model for electro-mechanical assemblies. This model uses EXPRESS/XML
schemas to represent the hierarchical structure of an assembly product (product—
subassemblies-part) and the assembly information (using entity connector). It is
used to evaluate the assimilability and assembling sequence by applying a fuzzy
AHP approach.

3.4.4 Product Model in PDM/PLM Systems

Product data management (PDM) systems and product life cycle management
(PLM) systems are two important types of management systems used in manufac-
turing enterprises. They employ product models to structure product data throughout
the entire life cycle of a product and support various manufacturing activities in the
PD processes. Thus, the corresponding product model needs the capability to model
all product data throughout the entire product life cycle.

Brissaud and Tichkiewitch (2001) discussed how product models can be enabled
to support the view of life cycle engineers by considering design actors in a whole
PD cycle. The capitalisation and analysis of quality discrepancies occurring during
the product life cycle is key to realising the objective of life cycle product model. In
Li and Liu (2006), a product integrated model for all phases of the life cycle is pro-
posed. Based on the integrated models and J2EE, a PLM prototype system is imple-
mented. Weber et al. (2003) used a property-driven development/design approach
to model products and PD processes. The core of this approach is a clear distinction
between characteristics and properties of a product. It is claimed that a formalised
representation along these lines, which also includes formalised interdependencies
and external conditions, may significantly improve product and process models in
computers.

3.5 Generic Product Modelling Framework

In the current manufacturing environment, product models require greater integra-
tion of information. This should include at least two levels of integration. The first
level aims to support the information flow between the different stages of the prod-
uct life cycle within a company. The data conversion between conventional product
models employed by different manufacturing systems must be eliminated. The de-
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sign, process planning, manufacturing, inspection, efc., can use the same product
model and form a CIM environment. To reach this level of integration, a product
model should have the ability to present product data and information within the
entire product life cycle (Brissaud and Tichkiewitch 2001). The second level aims
to support the information exchange between different companies to cooperatively
develop a product. The recent organisation of manufacturing activities has changed
from centralised manufacturing to distributed manufacturing. It is more economical
and efficient for medium and small size manufacturing companies to use outside
resources to support their own PD. In this case, product modelling must adapt to
this distributed PD environment. Distributed PD requires much higher levels of in-
formation exchange and sharing. In addition, these companies may employ different
computerised manufacturing systems or system platforms and may be in completely
different engineering domains. This results in an information exchange barrier. To
solve this problem, the product model must support integrated PD in a heteroge-
neous manufacturing environment.

3.6 Conclusions and Future Work

In this chapter, a comprehensive review of recent developments in product mod-
elling is presented. Four kinds of product modelling methodologies (solid product
modelling, feature-based product modelling, knowledge-based product modelling
and integrated product modelling) are discussed and compared in detail. The dif-
ferent modelling methodologies model product data from different viewpoints. The
development of modelling methodology has changed from modelling low level de-
tailed product geometric data to modelling high level semantic product data and
knowledge. This change calls for more advanced product modelling technologies
to be used in today’s manufacturing environment. The object-oriented modelling
method was discussed as an important implementation approach for the above mod-
elling methodologies. Two popular object-oriented modelling implementation meth-
ods (STEP-based product modelling methods and UML-based product modelling
methods) are reviewed. These two modelling methods provide standard data repre-
sentation and are widely used in practical modelling processes.

From the above discussions about product modelling methodologies, technolo-
gies and their implementations, it can be concluded that product modelling is the
key activity required to support the integration of PD processes. Modelling tech-
nologies are developed following the changes in the PD environment. In addition, it
can be seen from the current literature that the integrated product modelling method-
ology (the STEP-based product modelling method) can be integrated to form a stan-
dardised modelling environment to support rapid PD in a distributed environment.
However, three main research issues have not yet been resolved by current product
modelling methods. The authors proposed a generic product modelling framework
(GPMF) which can fit various products and integrate many types of information
to support more manufacturing functionalities, such as PDM/PLC, machining pro-
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cesses, assembling, efc. The GPMF aims to support more information modelled in
the product model throughout the entire PD processes. The GPMF can be used in
different applications; it is open architecture and built up based on STEP standards
to form a complete, standardised data exchange and sharing environment. Thus, the
GPMF has strong extensibility and adaptability.

With the current rate of changes in the manufacturing environment, conventional
product modelling technologies cannot satisfy all the requirements needed for fu-
ture manufacturing, such as distributed manufacturing, concurrent engineering, efc.
Manufacturing systems now require higher information integration throughout the
whole product life cycle, and more flexibility and adaptability to the distributed
manufacturing environment. Therefore, as the information supporter of various
manufacturing systems, the product model must merge new techniques to be able
to adapt to these new changes. Future research efforts should concentrate on the
following areas:

» research into how high level product data can be modelled, especially modelling
production functional data and knowledge to support intelligent PD;

* integration of different product data throughout the entire product life cycle of
PD to support better information flow within the CIM environment;

« utilisation of web-based technologies to generate a distributed product modelling
environment; implementation of STEP-based product modelling technologies to
support collaborative manufacturing.
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Part 11
System and Framework



Part IT of this book focuses on providing solutions for those OKP companies produc-
ing products that are highly customised. The solutions are at system and framework
level, and target issues such as how to best communicate with customers, how to
integrate and optimise the OKP product development process, and how to manage
product manufacturing processes more efficiently.

Chapter 4 introduces an Internet-based integrated product development system
for rapid development of sheet metal products, a typical example of an OKP prod-
uct. The structure of the system is discussed and case studies are carried out to test
the idea of the Internet-based integrated system. Several major modules of the sys-
tem are described. These modules include the structure of the integrated product
development system, an integrated data environment, a real-time computer aided
process planning (RTCAPP) module, QFD-based global customer interfaces and
design/manufacturing knowledge bases to support product design and manufactur-
ing. The aim of the chapter is to introduce an example of how to establish or develop
a system for developing OKP products. Sheet metal parts are highly customer ori-
ented and the technologies involved can be expanded to the development of other
products.

In the sheet metal processing and manufacturing industry there are many small
or medium sized enterprises (SMEs). These enterprises have to make every effort
to shorten product development lead time, improve production efficiency, approach
high quality standards, while cutting down the costs at the same time. Chapter 5
presents a new compound cutting and punching production method supported by
an integrated CAD/CAPP/CAM system. The solutions include an integrated data
integration platform based on Pro/INTRALINK and STEP, and a knowledge-based
RTCAPP system for compound sheet metal cutting and punching.

Chapter 6 presents an agent-based process planning system for developing OKP
products. The focus is on the structure of the system. A number of agents are de-
fined, including an unfolding agent, a feature recognition agent, a task agent, a nest-
ing agent, a path planning agent, a bending agent, a machining method selection
agent, a machine selection agent and a fixture/jig selection agent. Intermodules of
typical agents (nesting agent, path planning agent, bending agent) are built for the
system. In addition, the way agents cooperate with others to implement tasks is
investigated. This chapter provides an example of how modern technology can be
used to develop an Internet-based system for rapid product development.



Chapter 4
Integrated OKP Product Development System

Abstract To further develop the reference system structure of the Internet-based
integrated PD system, as outlined in Chapter 2 into a working PD system, this chap-
ter proposes an integrated PD system for rapid development of OKP products. The
structure of the system is discussed and case studies are carried out to test the idea
of the Internet-based integrated system. Several major modules of the system are
discussed in this chapter. These modules include the structure of the integrated PD
system, an integrated data environment, a real-time computer aided process planning
(RTCAPP) module, quality function deployment (QFD)-based global customer in-
terfaces and design/manufacturing knowledge bases to support product design and
manufacturing. This chapter explores the definition and the structure of a system for
the rapid development of sheet metal parts.

4.1 Introduction

Today companies in the sheet metal industry are under great pressure due to global-
isation of the market, the short life cycle time of products, increasing product diver-
sity, high demand for quality and short delivery times. To be competitive in the mar-
ket, sheet metal companies must gain enough production flexibility to rapidly pro-
duce sheet metal products with acceptable quality. Multi-national sheet metal corpo-
rations especially must use new technologies for their PD, re-engineer their organ-
isational structures and enhance their ability to make decisions correctly through-
out the whole PD cycle, particularly at the early product design stages. These new
technologies include Internet technology, CAD/CAPP/CAM integration technology,
computer simulation technology, rule based reasoning (Dixon 1986, Wu et al. 2010),
constraint networks (Young et al. 1992), knowledge bases and optimisation theory
(Dowlatshahi 1992).

Usually, sheet metal product design and planning of manufacturing processes are
carried out in a series of stages using different software packages, especially for
bent sheet metal products. Firstly, the product is designed using a 3D CAD system,
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usually using wire-frame representations. Then, an unfolding software package is
used to extend the model into 2D drawings of the flat parts. A computer aided pro-
cess planning (CAPP) system is employed to plan manufacturing processes and to
select the necessary tools. To minimise production waste and to improve produc-
tion efficiency, optimisation software systems (e.g., optimal nesting software sys-
tems, path-planning systems) are used. CAM software systems are also often used
in a sheet metal manufacturing company to generate NC programs for CNC sheet
metal processing machines, e.g., a punching, shearing, or folding machine. Before
delivering the NC programs to a CNC sheet metal processing machine, a simulation
software package is used to simulate the processes and consequently to modify or
refine the NC programs and to adjust the tool paths. Usually, in a sheet metal PD cy-
cle, these processes are carried out separately and sequentially in different branches
of the company. With this traditional design and manufacture method, a sheet metal
product is frequently designed without systematic consideration of downstream PD
requirements, such as process planning, manufacturability, production scheduling
and manufacturing optimisation. Also, the feedback from these downstream pro-
cesses to the product designer is made after the product is designed or even after it
is manufactured. This often results in expensive and time consuming rework. Con-
sequently, it affects the quality, cost and delivery time of the product.

To fill the gap between design and other downstream PD processes, quite a few
research projects have started to focus on concurrent product design and manufac-
ture and intelligent decision support in early product design stages (Kusiak 1993,
Prasad 1996, Bartolotta et al. 1998, Dong and Agogino 1998, Tu et al. 2000). Con-
current product design and manufacture means that a designer should consider all
possible requirements from the downstream PD processes and incorporate them into
the product design. However, there is no platform or system available that can be
directly used to support concurrent sheet metal design and manufacturing process
planning by different branches or partners that may be globally distributed.

An integrated PD system that can support the intelligent decision process in early
product design stages can be realised by applying advanced computer technologies,
such as computer aided design and engineering technology (e.g., Pro/ENGINEER),
manufacturing optimisation software packages (Dowlatshahi 1992), computer sim-
ulation technology, and knowledge base technology (Bartolotta 1998). By using
these computer software packages or systems, a designer can simulate and virtu-
ally observe the downstream processes for a possible product design on a desktop
computer. This integrated PD system can help the designer to understand the down-
stream process requirements and to design a product right at the first instance.

However, simply putting together several computer aided sheet metal design and
manufacture software systems does not provide a sound overall solution for achiev-
ing concurrent engineering in a modern sheet metal manufacturing company as its
“partners” are globally distributed. A main problem to realising concurrent engi-
neering in such a company is providing intensive real-time information interchanges
(Devarajan et al. 1997) and optimisation (Tu et al. 2000) in the company. Also, the
complexity of a sheet metal product produced by the company makes it impossible
for a single designer to manage the complete PD process. Successful development
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of a complicated sheet metal product needs contributions and expertise from almost
all the people in the company. On the other hand, the various computer software
packages or systems are often developed by different vendors, and some software
packages are not suitable for special requirements. Hence to achieve concurrent
design and manufacturing of sheet metal parts, a system that contains several appli-
cation modules to meet special requirements and can support efficient and effective
information interchange among different software systems, different departments
and different people in the company, is very important. Correct and effective infor-
mation exchange throughout the PD life cycle can shorten the PD lead time, improve
the production efficiency, achieve high quality, and at the same time, cut down the
production cost.

The purpose of this research is to develop an integrated PD system for intelli-
gent concurrent design and manufacturing of sheet metal parts. The structure of the
integrated PD system is addressed in Section 4.3. To support the development of
this system, several major modules will be discussed in the following sections, in-
cluding an Internet-based integrated data environment to support information (data)
sharing, and QFD-based global customer interfaces and a WWW-based knowledge
bases module to support intelligent concurrent sheet metal PD.

4.2 Integrated Product Development System
for Sheet Metal Design and Manufacturing

Because of the industry’s increasing needs for other types of information or knowl-
edge in the sheet metal design and manufacturing process, new classes of tools to
support knowledge-based design, product data management and concurrent engi-
neering are urgently needed in some companies. However, traditional CAD/CAM
systems usually run independently and the information transfer among these sys-
tems is through particular file formats (STEP, DXEF, etc.). Delays, errors and lengthy
procedures for product definitions are also caused by a lack of supporting infor-
mation. Also, traditional CAD/CAM tools focus mainly on database-related issues
(Simon et al. 2000) and do not place particular emphasis on real-time information
modelling for product representation in an integrated system.

Owing to the numerous and complicated interactions among the tasks of concur-
rent sheet metal PD processes, an Internet-based integrated sheet metal PD system
is proposed as shown in Figure 4.1. The integrated PD system reported in this chap-
ter aims to solve these problems and is based on a WWW platform that can be used
by most operating systems and contains several modules, i.e., an unfolding module,
an Internet-based data integration platform, design/manufacturing knowledge bases,
data communication tools among different modules, a RTCAPP module, a CAD
module, a CAM module, a cost estimation module, computer simulation platforms,
graphical user interfaces (GUISs), etc.

The unfolding module in this system adopts zero thickness and zero bend radii
principles in order to facilitate the bent sheet metal part design process. The data in-
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Figure 4.1 Integrated PD system for sheet metal concurrent design and manufacturing

tegration platform is a data integration environment for product design, unfolding,
process planning and manufacturing process, which is developed based on the infor-
mation integration framework, Pro/INTRALINK and the API of Pro/ENGINEER
(Xie and Tu 2000). The data communication tools are developed for information
exchange among different systems, i.e., the data communication tool between the
integration platform and CAPP software provides CAPP with suitable paramet-
ric data for the sheet metal parts and sends all this information back to the data
integration platform in real time. This information, e.g., as process plans, man-
ufacturing parameters, tool sequences and cost, can be used by other modules.
The data communication tool between the integration platform and CAD soft-
ware captures related information from knowledge bases and provides CAD with
suitable information such as cost, unfold ability, etc., so that a decision can be
made.

The customer interface module is provided to satisfy the demands of the cus-
tomer. This is crucial these days to market competitiveness and business success,
and this trend is set to become one of the prerequisites for business survival in this
century. Organisations that manage to meet or improve on customer requirements
will emerge as the leaders in the global market. Over the last decade, QFD has devel-
oped into a proven quality management concept and methodology that can facilitate
the understanding and response to customer requirements at various stages of prod-
uct design, development and manufacturing with effective allocation of enterprise
resources.

The knowledge bases aim to provide the means to support human decision-
making in both the early design process and the later design and manufacturing
process by capturing and making available different types of design and manufactur-
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ing knowledge. The knowledge bases are built based on a “four-layer” structure of
the information framework and are saved as part of the company’s overall database.
There are several knowledge bases involved in this project, e.g., tool knowledge
base, design knowledge base and manufacturing knowledge base.

The Internet-based cost estimation module aims to achieve PD cost estimates
and optimal control under the complexities of a global manufacturing environment.
The details of the cost estimation and optimisation algorithm are addressed in Chap-
ter 10. This system is able to provide in-time cost estimates and optimisation results
to product developers as important decision-making references in a concurrent en-
gineering approach to PD. This concurrent approach enables product developers
to design the product, plan the processes, schedule operations on the shop floor,
manage logistics, and estimate and optimally control the cost feature by feature.
This system can help product developers to clarify the PD life cycle data at early
PD stages and hence avoid rework that often occur in the traditional sequential ap-
proach to PD. Avoiding rework in a PD cycle, particularly for customised products,
will reduce the PD cycle time and cost significantly.

The RTCAPP module contains several submodules, including knowledge based
auxiliary path automatic insertion, an optimisation module, a database, a tool li-
brary and a module library. This module will be explained in Chapter 5. The opti-
misation module is the most important module for achieving efficient and economic
manufacturing. It includes the tool sequencing, tool path optimisation and nesting
optimisation of sheet metal parts with complicated shapes.

Graphical user interfaces are also needed to serve as a bridge between the in-
tegrated PD system and human users. Creating GUIs for this integrated product
system is very important and is largely a matter of describing where every interface
component should appear on the screen, how it should appear and what should hap-
pen when the user interacts with it. The GUIs are designed using several platforms,
and they can be viewed through a Web browser such as Internet Explorer. These
interfaces are developed not only for information or knowledge sharing among dif-
ferent systems and users, but also for the “appointed” user to define suitable data
structures for knowledge bases and information objects according to different appli-
cations.

The proposed integrated PD system can be accessed from anywhere either inside
or outside a company. This will help company employees to work in an integrated
information environment. They can share the PD software tools and data, and work
concurrently to develop a product. The meetings and discussions through a PD cycle
will automatically be recorded by the system when they communicate through this
system. The company’s marketing people can also access this system via the Internet
to get online engineering support from the company to address, discuss and meet
customers’ needs.

In order to achieve this system, this chapter will discuss some key modules in-
cluding the Internet-based integrated data environment, QFD-based customer user
interfaces, simulation platforms and knowledge bases to support intelligent con-
current sheet metal PD. The zero thickness and zero bend radius principle and the
information integration framework will be discussed in the next chapter.



94 4 Integrated OKP Product Development System

4.3 Internet-based Integrated Data Environment

Data sharing in the RPD process in such a heterogeneous environment has always
been a difficult task. For example, different design, analysis and planning tools, such
as geometric modellers, analysis tools, planning tools, CAM tools, are all critical
components of the overall PD process. A fundamental problem with data sharing
across these tools is that the output of one tool is often required as the input of
another tool. Dynamic information modelling and exchange is involved in the PD
process. Also, as different tools have different data formats, it is difficult to move
data from one step of the design process directly to another step without data transla-
tion. Hence, an efficient Internet data environment that can perform these functions
will be key for supporting the development of the PD system.

An Internet-based integrated data environment is proposed to share product in-
formation across diverse software tools in the Internet environment. This Internet-
based data environment aims to build an information bridge to fill the gap between
sheet metal part design, process planning, simulation and manufacturing systems.
This is an important issue in supporting integrated and concurrent PD. With devel-
opment of the following technology and methodologies, the data environment that
can be used to build information models for information sharing among different
software packages can be created.

STEP plays an important role in supporting the functionality of the Internet-
based integrated data environment. In order to maximise interoperability with most
of the existing software packages used in industry, the framework makes use of stan-
dard representations when possible. For the representation of geometry, this project
uses ISO 10303, which is more commonly known as STEP (the Standard for the
Exchange of Product model data, officially ISO 10303) (ISO 10303-11:1994(E)).
STEP is a family of standards specifying a description of product data throughout
a product’s life cycle in a computing-platform-independent manner; each individual
standard in STEP can be used to define the information requirements for a partic-
ular area of design, manufacturing, engineering, or product support (ISO 10303-
11:1994(E)). The conceptual schemas of different Application Protocols (APs)
(ISO 1994a) within the STEP standard provide the semantic basis for the data man-
aged by the integrated data environment through a standard schema definition for
the data that is used within a particular design and/or analysis domain. We have also
adopted and modified the STEP concept of “units of functionality”” (UoFs) to define
our notion of conceptual subcomponents of exchange files (Liang et al. 1997).

As the representation of non-geometric information is at a more preliminary stage
(Wang and Bourne 1995, Bazargan and Falquet 2009) while industry’s reliance on
non-geometric information and knowledge-based design and manufacturing is in-
creasing, new modelling methodologies for design and manufacturing knowledge
such as function, behaviour, knowledge and other kinds of non-geometric data are
needed. The use of UoFs and relationships will help to create data sharing informa-
tion models for real-time data communication among the different software tools.
This issue will be discussed in greater detail in Chapter 9.
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An integrated global data structure is the key to building the Internet-based in-
tegrated data environment using STEP standards. This issue will be discussed in
detail in Chapter 7. The emphasis of the global data structure is placed on the in-
tegrated data management and reuse of past PD experience to support a company’s
goal to shorten its PD cycle. The integrated data structure is modelled by EXPRESS
from STEP. In terms of this data structure, a design/manufacturing knowledge base
was developed as a major part of the WWW-based information management sys-
tem. The basic principles and concepts of the knowledge base and the WWW-based
information management system will be presented in later chapters.

4.4 QFD-based Global Customer User Interfaces

Satisfying the demands of the customer is crucial for market competitiveness and
business success these days, and this trend is set to become one of the prerequisites
for business survival in this century. Organisations that manage to meet or improve
on customer requirements will emerge as the leaders in the global marketplace. Over
the last decade, QFD has developed into a proven quality management concept and
methodology that can facilitate the understanding and response to customer require-
ments at various stages of product design, development and manufacturing with ef-
fective allocation of enterprise resources.

The voice of customer (VoC) or customer requirements/attributes are often ex-
pressed in linguistic terms, which are usually non-technical in nature. Sometimes it
is difficult for engineers to translate these requirements into definitive product and
engineering specifications. QFD (Akao 1990, Cohen 1995, Lai et al. 2008) is a well-
known quality management methodology that helps channel customer requirements
through various stages of a manufacturing cycle, such as design, part planning, pro-
cess planning and operation planning for a product. The process can be represented
graphically by a series of interconnected structured matrices called the “houses of
quality” (HoQ; Hauser and Clausing 1988). A typical HoQ will normally consists
of eight parts, i.e., VoC (or customer attributes), voice of engineers (VoE) (or prod-
uct attributes), correlation between product attributes, competitive benchmarking,
relationships between product attributes and customer attributes, priority of product
attributes, target design values, and concept evaluation.

The semantics in the VoC may contain ambiguity and multiplicity of mean-
ing (Khoo and Ho 1996), and makes the interpretation of VoC into precise prod-
uct/engineering attributes complicated and difficult. Most of the recent research in
QFD have assumed the customer and engineering/product attributes to be crisp,
complete and independent of one another, although this is seldom the case in re-
ality. These oversimplifications can lead to discrepancies in design priority setting
and unbalanced resource allocation. Hence, a conventional HoQ can only give a pic-
ture of how the customer attributes could be met, and indeed many companies apply
QFD and HoQ to do just that. However, in the proposed Customer Interface Model,
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QFD is just the beginning of a series of inter-linking processes and planning stages.
In this model, a focused HoQ is used.

The structural framework of the focused HoQ is similar to that of the basic
HoQ, however, more detailed quantitative analyses would be conducted to estab-
lish the information it holds. First of all, a dictionary of key words abstracted from
a company’s VoC records has been developed to standardise the VoC and to clearly
identify customer needs. An “affinity diagram” was applied to regroup the more
essential customer attributes. A pairwise comparison exercise was carried out on
the customer attributes, and the findings could be further analysed using the ana-
lytic hierarchy process (AHP) (Ho 2007, Saaty 1990, 1994). The resulting relative
weights of importance for the customer attributes are normalised and expressed in
percentages. A dictionary for VoE was also developed to standardise the technical
languages used in the company.

One of the distinct merits in this focused HoQ lies in the fact that the attribute
relationships are established quantitatively, instead of relying on qualitative interpre-
tation. The attribute relationships are worked out based on the contributions and thus
the importance of individual product attributes towards fulfilment of each customer
attribute is considered. AHP plays an important role in the quantitative analysis in
the focused HoQ and in the calculation of the relative weight of importance for each
product attribute.

The target design values in QFD represent the design specifications for individ-
ual product attributes used to guide subsequent design and production activities. The
output from this Customer Interface Model is a list of product attributes with relevant
target design values, i.e., features and the design specifications of a product required
by the customer. These features will be classified into primary features and secondary
features according to the design and manufacturing requirements or limits.

To design QFD-based customer interfaces for rapid development of sheet metal
parts, case studies have been carried out in a sheet metal manufacturing company
(KAM 2000). A complete customer database and an engineer database have been
created as the input to the QFD process. A relationship matrix between VoC and VoE
has been created using Microsoft Excel. In order to allow the link to takes place, an
interface was designed. An interface is a program that enables the user to input data.
The source code of the QFD-based customer interface is given in Appendix A.4.

4.5 Simulation Platforms

Some advanced computer simulation packages can be used as effective tools in the
integrated PD system to approve some critical manufacturing processes and to de-
rive the operational cost for manufacturing a product. A simulation platform for sheet
metal cutting and punching has been developed by the authors (Xie and Tu 2000).
The CNC machines that will be used to manufacture certain sheet metal parts can
be built by using VNC simulation package from Deneb Co. Ltd. These machines are
saved in a library and can be selected by users through the simulation platform. The
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VNC is one of the four simulation products of Deneb Inc., USA. It has been devel-
oped to simulate all kinds of CNC machine tools and is a 3D simulation package.
In the simulation platforms, a part can be machined just as on a real CNC machine.
By using this simulation model to virtually machine a sheet metal part, some design
mistakes and hidden production rework can be avoided, e.g., to machine a mould
with complicated sculptured surfaces (Lee ef al. 1993) and some dead cutting points
owing to cutting tool collisions can be detected. Through the simulation platform,
the detailed times for manufacturing a product on the physical shop floor can be ob-
served and recorded. These include machine times, set-up/tear-down times, trans-
portation times, waiting times, machine break-down times, and idle times. Based
on these times, the cost for manufacturing a product on the shop floor can be de-
rived. Furthermore, a production schedule to produce a new product can be traced
out through manufacturing this new product together with other products being pro-
duced in the company. Details of the simulation platform and other key application
modules in the platform will be explained in the following chapters with case studies.

4.6 Knowledge Bases to Support Intelligent Design
and Manufacturing

The design/manufacturing knowledge base for sheet metal parts can be built as an
online data library or knowledge base to support all kinds of activities through-
out a PD cycle. The data structure of the design/manufacturing knowledge base
can be modelled according to the sheet metal part and is related to the informa-
tion flow in its development process, such as resources, tool information, efc. After
one product has been developed, all the related information can be stored in the
design/manufacturing knowledge base and can be retrieved by data searching tools
for use with similar PDs. The products in the design/manufacturing knowledge base
represent the company’s existing products. They are modelled and recorded in the
data format according to the data standard provided by the integrated data environ-
ment. Other information objects or activities have been modelled from a database
approach (Figure 4.2), for example the suppliers’ information model includes all
information about the company’s suppliers, i.e., contact information, product speci-
fication, reference prices, delivery lead times, reputation assessment and quality as-
sessment. The inventory information object can also be modelled and used to record
the company’s present inventory level, which is used as a part of the company’s
manufacturing resource planning system. The tool information objects, including
its relationship with certain features of the sheet metal product, are modelled and
saved to the database as the company’s tooling information. The resource objects
are built and used to keep records of the company’s equipment, such as cutting ma-
chine, punching machine, compound machine, employees and others. The present
and past data are also recorded in design/ manufacturing knowledge bases. Based on
the objects and relationships among objects, knowledge or useful information can
be formed to support the development of new products.
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Information models for design/manufacturing knowledge bases:

ENTITY Product;

Product family: STRING;

Product Title :STRING;
Product descrip: STRING;
Drawing ID  : STRING;
DesignfileNo : INTEGER;
Productassemble List : LIST[0:?] OF
Designverification;

Process_plan;

Salesinformation : SalesOrderForm
Toolmanufproduc: Tool;

END ENTITY;

ENTITY SalesOrderForm;

Salesordercode : STRING;
Orderdate : Date;
Deliverydate : Date;

Customer :Customer;
ProductCost :STRING;
LeadTime :STRING;

Placed By : Employee;

Item List :LIST[0:?]OFJob;

Order Quantity : INTEGER;
Order descrip : STRING;
Status : TRUE/FALSE;
END ENTITY;

ENTITY ProcessPlanning;
PlanID : STRING;
PlanDate : Date;
Datemodified : Date;
Employeename : STRING

Op_ List : LIST[0:?] OF
Machine Operation;

Plan_Desc : STRING;
Planningresult :INTEGER
END_ENTITY;

ENTITY Tool;

Tool code : STRING;
ToolTrailNumber: STRING;
staffcode : STRING;
Toolroommanager: Facility;
Setup Time : INTEGER;
Operation Time: INTEGER;
Toolshape: INTEGER;
Toolmaterial: STRING;
END ENTITY;

ENTITY Supplier;
Suppliercode : INTEGER;
Sup Name :STRING;
Product :STRING;
Contact :STRING;
Tel Number : INTEGER;
Fax_ Number : INTEGER;
Contactpeople: STRING;

END_ENTITY;

ENTITY Resource;
ResourcelD : STRING;
ResourceName: STRING;
ResourceDescrip : STRING;
Supplier: Supplier;
Resourcecost : INTEGER;
Location: STRING;
END ENTITY;

Figure 4.2 A selection of entities from the EXPRESS schema for the knowledge bases design
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The relationships between features and knowledge units are established based on
the object-oriented modelling concept by defining methods for knowledge activa-
tion. When the method or function is activated, a corresponding knowledge object is
instanced to perform certain operations on the feature through running rules belong-
ing to the knowledge object. Similarly, data are tightly associated with knowledge
objects through defining methods or functions to activate relevant data objects from
knowledge objects.

To illustrate the dynamic aspect of interactions among feature, knowledge and
data, the punching tool sequencing model of sheet metal compound manufacturing
(cutting and punching) is used as an example (Champati et al. 1996). Once the
user enters this module, the tool process planning knowledge object is instanced to
have the user select a tool from the tool library. Feature dimensions are instanced
by feature objects; a tool object will be available after the user chooses a tool. The
tool sequencing module will automatically determine if it can be used to punch the
feature, and the tool-sequencing object will return certain information to show the
status. The relationship between tool object and feature can be created, and can also
be used as knowledge for the next tool selection of the same feature. The design and
manufacturing knowledge bases can also be built in the same way.

The authors have developed a platform for storing knowledge using the object-
oriented modelling language, as well as tools for examining, manipulating, search-
ing and retrieving knowledge bases. The information access tool and collaborative
communication tool have been developed as tools for efficient and effective knowl-
edge access so that the knowledge bases can be used on a large scale in a distributed
environment (i.e., over the Internet). This WWW-based database/knowledge base
system will be addressed in later chapters of the book.

4.7 Case Studies

This section discusses some case studies of the application of software packages de-
veloped by the authors, e.g., a CAD/CAPP/CAM system (Xie and Tu 2000), a sim-
ulation software package, and a shortest non-machining path optimisation software
package. Some application modules of the integrated PD system are also briefly
discussed.

4.7.1 Programming Tools

The programming languages that have been used to achieve this integrated PD sys-
tem include Visual C++, VBSCRIPT, JAVASCRIPT and EXPRESS. Visual C++
is an object-oriented language, which supports class and object operations. It is
used for developing most of the application modules and tools. VBSCRIPT and
JAVASCRIPT are used for design/manufacturing knowledge sharing and client—
server communication. JAVASCRIPT is a cross-platform object-based scripting lan-
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guage for client and server application and can be used to create applications that
run over the Internet. The use of these languages make it easy to achieve all the
application modules of the integrated system.

4.7.2 Application Modules Test

In order to achieve an integrated PD system for sheet metal intelligent concur-
rent design and manufacturing, several modules have been developed. This chap-
ter discusses the application results of some of the major modules using case
studies, including the manufacturing cost estimation module, WWW-based de-
sign/manufacturing knowledge bases and a RTCAPP module consisting of several
submodules, such as path planning, nesting, knowledge-based auxiliary path insert-
ing. Some of the modules will be further addressed in later chapters.

The manufacturing cost estimation module estimates the manufacturing cost of
the sheet metal part. This module takes input from the NC programming and the
knowledge based CAPP modules. The cost object includes several elements. These
elements are used to calculate the total cost of the product, and the machining time
is calculated from the virtual simulation platform. The set-up times are estimated
times associated with a particular operation. The cost of using different manufactur-
ing methods can be calculated from machining times and expenses, e.g., for a flame
cutting processes, the manufacturing cost can be calculated if the manufacturing
time and expenses (cutting gas, auxiliary gas) are known. The cost of sheet metal
utilisation ratio can be calculated according to the data input from the nesting op-
timisation algorithms submodule. The total manufacturing cost of the part can be
calculated by adding the estimated material cost to the sum of the costs of all pro-
cesses. As one can see, all the optimisation algorithms have an influence on cost.
The function of cost estimation has been defined in the data integration platform,
which can be sent to CAD or other modules.

The RTCAPP module in this chapter presents a knowledge-based RTCAPP sys-
tem based on the integrated system, which includes several optimisation mod-
ules that aim to improve the manufacturing efficiency and cut down costs, and
knowledge-based auxiliary paths and manufacturing parameter selection for sheet
metal cutting processes. Chapter 5 gives a detailed definition and explains how the
RTCAPP module can be achieved. The functions in the RTCAPP system are de-
signed to achieve different application tasks. These functions can access all required
information through the data integration platform. Tool database, cutting parameter
database and process rule database are all connected with the data integrated plat-
form through open database connectivity. Functions that have been defined include
automatic tool selection, tool path optimisation, nesting optimisation, and manufac-
turing parameters. For the sheet metal manufacturing RTCAPP system, real-time
optimisation modules are very important for manufacturing efficiency and cost,
while manufacturing parameters and the auxiliary path will influence the manu-
facturing quality of sheet metal parts.
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All the key modules and tools have been tested in this system, i.e., a communi-
cation tool with CAD (Pro/ENGINEER), CAM, knowledge capturing tool, shortest
manufacturing path optimisation, nesting optimisation, efc. Figure 4.3 shows some
case studies of the integrated PD system. Figure 4.3a shows the result of a sim-
ulation platform for shortest path optimisation, process planning and nesting al-
gorithm. This system takes the geometric parameters as input and simulates the
manufacturing process while choosing different CNC punching machines, bending
machines and cutting machines. In order to improve the utilisation of sheet metal
parts and manufacturing efficiency, a RTCAPP module has been developed. This
module contains a nesting optimisation, auxiliary path inserting and a shortest non-
machining path-planning module. Figure 4.3b shows the output from the RTCAPP
software package that has been developed by the authors. The test results in sev-
eral sheet metal companies show that the system can significantly shorten PD time,
cut down cost and improve machining efficiency. Figure 4.3c shows a WWW-based
QFD-based customer interface which can be used by product designers to make
decisions at an early design stage. This product knowledge view platform is sup-
ported by knowledge bases that are built based on the information data environment.
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Figure 4.3 Case studies for the integrated PD system: (a) simulation platform and NC code gen-
eration; (b) RTCAPP module; (c) WWW QFD customer interface; (d) path optimisation; (e) cost
estimation
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Knowledge mining tools have been developed in order to search and locate related
knowledge. With the support of product knowledge, it becomes easier for product
designers to make decisions at early design stages. Figure 4.3d shows the simulation
results of the shortest path planning optimisation module. Different optimisation al-
gorithms have been used and tested in this system. Figure 4.3e shows the cost esti-
mates for a flame cutting method using three different optimisation algorithms when
given information such as cost of using a cutting method, tool set-up and exchange
time and cost, etc. The utilisation ratio of a sheet metal part can be calculated by
the nesting algorithm in real time, so costs can be optimised and sent back to the
designer through the communication tool and economical design can be achieved.

4.8 Summary

In order to rapidly develop sheet metal parts, an Internet-based integrated PD system
has been proposed in this chapter. An integrated data environment that aims to pro-
vide an information methodology to support sheet metal parts intelligent concurrent
design and manufacturing has been described and explained. This integrated data
environment can also be used in other areas for building knowledge bases to sup-
port product design and manufacturing. Intelligent decision support is achieved at
an early design stage through this system by correctly defining the structure of the
company’s knowledge bases, which include the representation, capturing, sharing
and reuse of corporate design and manufacturing knowledge.
The advantages of the integrated PD system are:

1. Establishment of a platform-crossed client/server management pattern. Dis-
tributed team members can share product design and manufacturing knowledge
in real-time through the uniform graphic user interface.

2. Development of a knowledge-based intelligent decision support platform at an
early stage of product design.

3. Development of an integrated PD system that can support concurrent design
of sheet metal parts and manufacturing in a distributed computing environment
through information integration.

4. The system is multi-vendor software compatible.
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Chapter 5

Compound Machining Method
for OKP Product Development

Abstract In sheet metal processing and manufacturing, there are many small or
medium sized enterprises (SMEs). These OKP manufacturing companies have been
facing keen competitive pressure in the market, which has forced these companies to
make every effort to shorten PD lead time, improve production efficiency, approach
high quality standards, and at the same time cut down the costs. To meet the needs
of these companies, this chapter presents a compound cutting and punching produc-
tion method supported by an integrated CAD/CAPP/CAM system for sheet metal
manufacturing. Many existing commercial CAD/CAM systems are not suitable for
this manufacturing method, especially under concurrent and global design and man-
ufacturing environments. Some problems have to be solved before these CAD/CAM
systems can be employed and integrated into this compound manufacturing method.
This chapter deals with solutions to some of these problems. The solutions include
an integrated data integration platform based on Pro/INTRALINK and STEP, and
a knowledge-based real-time CAPP (RTCAPP) system for compound sheet metal
cutting and punching. Within the proposed CAD/CAPP/CAM system, some key
modules have been developed. They are the automatic tool selection and manufac-
turing sequencing module, a shortest tool path optimisation module, a cost estima-
tion module and an automatic insertion of auxiliary path module based on knowl-
edge bases. These modules will be described in this chapter.

5.1 Introduction

Sheet metal processing includes various manufacturing methods such as punching,
blanking, bending, laser cutting, flame cutting, efc. Different manufacturing meth-
ods have different procedures, parameters and processes. Usually a sheet metal part
is produced with different processes that may need to be carried out on different
machines, this multi-machinery requirement influences not only the manufacturing
efficiency but also the manufacturing quality and cost.

S. Xie, Rapid One-of-a-kind Product Development. © Springer 2011 105
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Figure 5.1 Sample sheet
metal part for compound
manufacturing

D)
QWDKI
O e O

A compound manufacturing method means two or more manufacturing pro-
cesses can be carried out on one machine. The compound sheet metal manufacturing
method to be discussed in this chapter includes two common sheet metal manufac-
turing processes, i.e., cutting and punching. By using this compound method, the
cutting process and punching process can be carried out sequentially or concur-
rently in the same CNC sheet metal compound machine without altering the fix-
tures. This compound manufacturing method takes the high efficiency and low cost
advantages of CNC punching and makes use of the high flexibility of the CNC cut-
ting for complex contour cutting. Based on the authors’ experience, this compound
manufacturing method can be implemented economically. It is particularly suitable
for those companies that produce sheet metal parts for a wide product range with
short lead times. Figure 5.1 shows an example that needs to be processed through
the compound manufacturing method, since the special-shaped parts 1 can only be
cut, whereas all the other parts can be directly punched.

An integrated CAD/CAPP/CAM system is very important to these sheet metal
processing companies to support implementation of the compound manufacturing
method. Nowadays CAD/CAM systems that will enable a small- or middle-scale
company to produce high quality products in a cost-efficient way are much needed.
Many existing commercial CAD/CAM systems are either too expensive or too nar-
row in scope, in the sense that they provide only point solutions (Chaturvedi and
Allada 1999). The design of parts and the planning of their manufacturing pro-
cesses are highly specialised and knowledge-intensive in nature (Sakal and Chow
1994). The user is forced to use two or more CAD/CAM systems that must be com-
patible with each other. Many of these systems are standalone and expensive for
small or medium sized companies. The integrated CAD/CAPP/CAM system should
incorporate specific design and manufacturing methods in the companies.

Several integrated CAD/CAPP/CAM systems have been reported in the sheet
metal manufacturing area. Wang and Bourne (1995) described automatic process
planning for bent sheet metal parts. Ismail et al. (1993) developed a low-cost in-
tegrated computer aided press tool design (CAPTD) system which uses constraint-
driven and object-oriented techniques to advise users on the design of press tools.
This CAPTD system uses AutoCAD as the design platform, dBase IV for the selec-
tion of press tool components, and a C program-based routine for optimum layout
of the workpiece. Lee et al. (1993) developed a knowledge-based process planning
system (IKOOPP system) to automate and standardise the process planning func-
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tion for the manufacture of progressive dies. The IKOOPP system receives part
definition data from a commercial die design system. The relevant attributes of the
manufacturing features within a progressive die model are extracted by a feature
extractor and then used by the IKOOPP system to generate the process plan using
knowledge bases. Lauwers and Kruth (1994) developed a computer aided process
planning system for an electrical discharge machining process that can generate
an optimal process plan based on the minimal cost criteria. An integrated intelli-
gent process planning system for prismatic parts was reported by Sakal and Chow
(1994); their system integrated AutoCAD and MasterCAM software packages us-
ing Autolisp programming language and artificial intelligence techniques. Park and
Khoshnevis (1993) presented a real-time CAPP system to achieve concurrent design
of prismatic parts and their manufacturing processes.

Despite the success of the systems described above, there exist some limitations
to their application when extending them to compound manufacturing processes.
These systems need to be further developed to overcome some key problems so
that they can support compound manufacturing processes, especially for compound
cutting and punching processes. These problems include automatic manufacturing
process sequences generation, mathematical model and optimal algorithm for tool
selection and manufacturing path optimisation, nesting heuristics and the automatic
insertion of “suitable” auxiliary paths for cutting processes based on knowledge
bases. Also, all these functions have to be considered in a timely manner in order
to support concurrent design and manufacturing. To solve these problems, an inte-
grated CAD/CAPP/CAM system has been developed and will be described in this
chapter through discussion of its key components.

Data integration platform. This platform is developed based on Pro/INTRALINK
database structure and its application programming interface (API). This platform
is for the definition of application data and functions and aims to cover all data
forms throughout the life cycle of sheet metal parts, from design to manufacture. The
data integration in this platform is based on the STEP standard and object-oriented
modelling methods. The platform involves multiple design and analysis applications
that require data from several STEP application protocols (AP203, 209, 214, 224)
and integration resources from different parts of STEP. Object-oriented modelling
methods are used for data that are beyond the STEP standard, i.e., aerodynamic
analysis, dynamic data, parametric geometry and constraints. For information that
is beyond the STEP standard, “extended” objects are created based on STEP and an
object-oriented modelling method. The information modelling framework, as ad-
dressed in Chapter 4, is used to build information models for CAD/CAPP/CAM
integration. Based on this framework, information being transferred among differ-
ent modules in the CAD/CAPP/CAM integrated system can be represented using
any object-oriented language. This approach has also been used in a computer
aided system for concurrently designing and manufacturing a customised OKP
mould or die that has complicated sculptured surfaces (Tu et al. 1998). The plat-
form provides a data integration environment for the integrated CAD/CAPP/CAM
system.
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Knowledge-based RTCAPP module. This module includes several sub-modules
such as automatic insertion of auxiliary paths based on knowledge bases, a nesting
module and a submodule for tool sequencing and tool path planning.

Simulation platform. This has been developed for the integrated CAD/CAPP/
CAM system. For this module, an example is provided to compare the compound
manufacturing method based on this integrated CAD/CAPP/CAM system with tra-
ditional single manufacturing methods.

5.2 Integrated System Architecture for Punching and Cutting

Due to the increasing needs of industries for other types of information and knowl-
edge in sheet metal design and manufacturing processes, new classes of tools to
support knowledge-based design, product data management and concurrent engi-
neering have begun to emerge in the engineering market. However, traditional CAD,
CAM systems usually run independently and the information transfer among these
systems is through specific file formats (STEP, DXF, etc.). Also, traditional CAD,
CAM tools are mainly focused on database-related issues and do not place a pri-
mary emphasis on information models for product representation (Szykman et al.
2000). A favourable integration environment is critical to overcome these disad-
vantages. Most applications use commercial software packages and secondary de-
velopment tools attached to them to establish the necessary integration environ-
ment.

The Pro/ENGINEER series from PTC is an integrated software package. One of
its core technologies is parametric and feature-driven modelling and another is that
design and manufacturing share a common related database using Pro/INTRALINK.
The common space database (the shared database within the Pro/INTRALINK en-
vironment) and objected-oriented API can be used as a tool to develop an integrated
data-sharing and communication environment where complete information integra-
tion overlapping the entire life cycle of a product can be achieved. The common
space database (the shared database within the Pro/INTRALINK) is used as a collec-
tion point for design activities. The data in this environment can be shared by differ-
ent commercial CAD and CAM platforms through file transfer, as well as accessed
concurrently through Internet and Intranet communication. The CAD/CAPP/CAM
integrated system for sheet metal compound manufacturing is developed based on
the Pro/ENGINEER platform.

The overall structure of the sheet metal compound manufacturing CAD/CAPP/
CAM integrated system is shown in Figure 5.2. There are several modules in this
system, including an unfolding module, a data integration platform, a knowledge-
based RTCAPP module, a CAM module, a cost estimation module and a simulation
module. The unfolding module in this system adopts zero thickness and zero bend-
ing radii principles in order to facilitate sheet metal part design processes. The data
integration platform is a data integration environment for data exchange and sharing
between CAD/CAPP and CAPP/CAM that is developed based on Pro/INTRALINK
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Figure 5.2 CAD/CAPP/CAM integrated system structure for sheet metal compound manufac-
turing

and API. The knowledge based RTCAPP module generates a process plan, manu-
facturing parameters, tool sequences, cost, efc. and sends all the information back
to the data integration platform in real time so that other modules can use them. The
simulation module is designed to test all the modules. This chapter discusses three
major modules; the data integration platform based on STEP for sheet metal com-
pound manufacturing, the knowledge based RTCAPP module, and the simulation
module.

The knowledge-based RTCAPP module for sheet metal compound manufactur-
ing contains several submodules, including knowledge-based auxiliary path auto-
matic insertion, an optimisation module, an experimental database and a tool and
module library. The optimisation module is the most important module required to
achieve efficient and economic manufacturing and includes tool sequencing, tool
path optimisation and nesting optimisation of sheet metal parts with complicated
shapes.

There are also some other situations that need to be dealt with in this RTCAPP
system, such as the selection of a suitable machining method (cutting or punching
in this project). The production of the contour of a sheet metal part depends on
many factors, including the degree of complexity of the contour, the batch size of
the parts, machining precision, the thickness and material of the sheet metal part.
To determine the sequence of the processes, the system must ensure that the outer
contours are machined last so as to avoid machining parts that are not fixtured. Tool
sequence planning is also important for the compound manufacturing process. Tools
are often changed according to different features of a part or product, since different
tools are usually needed to produce different features. The frequent tool changes
lead to lower production efficiency. Hence, in order to save tool changing time, tool
sequence planning is needed. Tool path planning is also very important to improve
the efficiency through selecting the shortest machining paths and thereby shortening
non-machining time. Knowledge bases are very important for the determination of
cutting parameters, lengths and shapes of the auxiliary path and manufacturing pro-
cesses. In the sheet metal laser cutting process, part materials, pressure of auxiliary
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gas and laser power are some factors which will influence cutting speed and accel-
eration. Some major modules will be further discussed in the following sections.

5.3 Data Integration Platform for Sheet Metal
Compound Manufacturing

For CAD/CAPP/CAM integrated systems, data integration is very important from
the standpoint of more effective utilisation of data in engineering enterprises based
on computer aided systems (Chen et al. 1994, Xu and He 2004). Complete informa-
tion integration overlapping the entire life cycle of a sheet metal product is the ba-
sis of data sharing and communication among CAD, CAPP and CAM subsystems.
From Figure 5.2 we know that a convenient and common data integration platform
is essential for sheet metal compound manufacturing, as there is more possible data
communication and exchange among different modules.

The data integration platform is based on a step-structure information modelling
framework. This framework is based on STEP and the object-oriented method.
STEP is used to represent geometry information and information requirements for
a particular area of design, manufacturing, engineering or product support (Duan
et al. 1996). The framework contains four top-down information layers, which in-
clude the knowledge layer, the part layer, the feature layer, and the parametric layer.
Information models can be built based on this information framework for data ex-
change and sharing between CAD, CAPP and CAM systems. The parametric layer
contains the geometric data of the shape feature of the sheet metal parts and tool
features. The feature layer contains all the feature information, which includes not
only the feature information (i.e., attributes, constraints) but also relationships with
other feature-level information objects and objects defined by users. The part layer
contains all the part information that includes feature information and relationships
among different part-level information objects. The knowledge layer contains not
only the part information, but also “knowledge-related” information objects and an
inference engine. Application objects defined by users according to the requirements
of the project can be entered into the feature and part layer. The detail of this frame-
work has been well addressed by Tu et al. (2000) and has been used for information
modelling of the concurrent manufacture of mould/die products with complicated
sculptured surfaces (Tu et al. 1998).

Figure 5.3 shows an extended common object-oriented data class structure based
on the information modelling framework; the relationships with other classes or ob-
jects have also been defined on this platform. Other features can also be defined
based on the common class. For example, a new shape feature that contains infor-
mation that is beyond STEP can be defined. Figure 5.4 shows an example using
object-oriented modelling and STEP to build an information model for an inner fea-
ture and a related punching tool. Classes and relationships between the inner feature
and the tool are clearly shown in Figure 5.3. For punch tool selection, each inner
feature, outer feature and non-feature element of the outer contour has a related
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tool after a tool has been automatically selected. An information model that shows
the feature—tool chain data structure and parametric element—tool data chain struc-
ture is also shown on Figure 5.4. Other information models that are needed for the
CAD/CAPP/CAM system can be built based on this framework (Tu et al. 2000).
The data integration platform based on the framework for sheet metal com-
pound manufacturing includes two integrated graphical user interfaces. One is
a CAD/CAPP data interface, which includes feature data processing, feature data
recognition/extraction and feature data transformation. The geometry information
from CAD is saved in the parametric layer. The CAPP information (cost, attributes,
constraints, machining sequences, collisions or machining time) from CAPP to
CAD is defined through the data interface and saved in the feature layer (see Fig-
ure 5.3). The CAPP module can read the CAD information by accessing information
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in the parametric layer. The CAPP module can also add process information related
CAD features, for example auxiliary paths for features to be cut automatically, and
relationships to show the tool that would be used to punch the feature will be cre-
ated. The other graphical user interface is the CAPP/CAM data interface. The main
task to integrate CAPP and CAM under Pro/ENGINEER is to receive geometry
and partial process information from CAD and machining parameters from CAPP.
In this compound machine (laser cutter and punch), the information exchange be-
tween CAM and CAPP includes laser power, machine speed, laser focus position,
punching tool information and other machining parameters. The information flow
between CAPP and CAM is different in different systems and applications, but there
is no standard protocol between CAPP and CAM that can be used (Papadimitriou
and Steiglitz 1982). Therefore, these two interfaces have been designed to solve
this problem. They can be used for non-standard protocol data and functions defini-
tion, such as cost information, specific manufacturing parameters and functions for
specific manufacturing processes.

The data integration platform makes it possible for CAD, CAPP and CAM soft-
ware to directly communicate with this platform concurrently. Other specific appli-
cations can also be carried out based on this platform. Real-time process planning
(Joo et al. 1994) can be achieved based on this data integration platform if suitable
information can be sent to the platform in real time.

5.4 Knowledge-based RTCAPP System
for CNC Punching and Cutting

CAPP is one of the important and most complicated computer aided systems, es-
pecially for the sheet metal compound manufacturing industry. In recent years,
advanced computer software techniques such as expert systems and artificial in-
telligence approaches have been used to develop generative process planning sys-
tems. The CMPP (Duda et al. 1997) and HZ-RCAP (Cai and Peng 1995) systems
have a generative process planning functionality for cylindrical-shape parts, where
knowledge of manufacturing processes and parameters are in the rule base. This
chapter presents a knowledge-based RTCAPP system based on the data integra-
tion platform, which includes several optimisation modules that aim to improve the
manufacturing efficiency and cut down costs, and provide knowledge-based auxil-
iary paths and manufacturing parameter selection for sheet metal cutting processes.
Several typical functions of the CAPP system have been defined in Figure 5.5. The
functions in the RTCAPP system are designed to achieve different application tasks.
These functions can access all required information through the data integration
platform. Tool database, cutting parameter database and process rule database are
all connected with the data integrated platform through ODBC. In Figure 5.5, func-
tions have been defined for automatic tool selection, tool path optimisation, nesting
optimisation, manufacturing parameters, efc. For the sheet metal compound manu-
facturing RTCAPP system, real-time optimisation modules are very important for
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improving manufacturing efficiency and cutting down costs, while manufacturing
parameters and the auxiliary path will influence the manufacturing quality of sheet
metal parts.

5.4.1 Tools Sequencing Real-time Optimisation Algorithm
Jor Punching

The main effort in generating a production plan for punching operations lies in the
tool selection process. In the modern sheet metal industry the selection of suitable
tools is a major economic issue for two reasons. Firstly, tooling is very expensive
and should be minimised. Secondly, if the tool capacity of the tool rack is exceeded,
expensive set-ups are needed, so tool sequencing and tool arrangement are very im-
portant. During the punching process of sheet metal parts, different tools are needed
to punch different features, so tool change is needed frequently and will lead to
lower efficiency. In order to save tool changing time, it is necessary to finish all
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related feature machining procedures after choosing a tool before moving on to an-
other tool. A tool sequencing algorithm is used to arrange tool sequences as follows:

1. Based on the feature—tool chain-list structure, determine all the tools that can
manufacture all the inner and outer features for this part and construct a tool—
tool position chain-list, as shown in Figure 5.6.

2. From tool—tool position chain-list structure, search for a tool position P nearest
to the origin of a working coordinate.

3. Find related tool 7; according to tool position P.

4. Plan tool path for all tool 7; related tool position points; this algorithm will be
given in a later section.

5. Decide if all tool machining sequences have been arranged; if finished, then
algorithm ends, otherwise set the last tool position as Pg, then search the tool
position P nearest to Pg from the tool positions on which the related tool se-
quence was not arranged, set P = Pg and go to 3.

With regards to a single punching tool, the arrangement of the punching sequence
must ensure that the total distance that the punching tool moves is the shortest, i.e.,
a tool path optimisation problem. If a machining path can be arranged reasonably,
then tool non-machining time can be reduced.

5.4.1.1 Mathematical Model

The punching tool path planning task can be described as: 1. a tool begins to punch
from the current position; 2. it should finish all related punching operations, and
the punching operations cannot repeat on any position; 3. an optimisation algorithm
needs to be developed to automatically select a manufacturing sequence in which
the distance moved by the tool is the shortest possible.

The tool path optimisation problem can be transferred to the mathematical prob-
lem of determining the shortest Hamilton return-loop in diagram theory. For con-
venience, the start position and all the related position descriptions for all punching
operations of the tool can be described as a point set P:{p;, pa, ..., pn}. Hence, the
tool path optimisation problem can be described using diagram theory as follows:

Construct a whole diagram K, = (V, E), among them, V is a set of top points
and E means the distance between each point. From all top points, the algorithm
seeks a return-loop passing through all points only once, while ensuring the sum
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of distances the tool moves is the shortest. This is a Hamilton loop optimal prob-
lem.

In fact, this is an NP-completeness problem. Some algorithms could be used for
this problem under different situations, such as dynamic programming and tree the-
ory. There are no efficient algorithms that can find the exact solution within multi-
nomial time (Summad and Appleton 1998, Papadimitriou and Steiglitz 1987, Hamel
and Steel 1994). A reasonable method is to find an approximate algorithm to solve
this problem. In our system, the “shortest insert” algorithm has been adopted, which
can be implemented easily and meets the concurrent requirement of design and man-
ufacturing.

5.4.1.2 Mathematical Description of the Shortest Insert Algorithm

The distance between a subreturn-loop T and a top point P which does not belong
to the return-loop is defined as:

d(7, p) = min{d(x, p) : x € T}

Suppose the whole graph is expressed as K, = (V, E) and the number of points in
this graph is n. Then the mathematical description of the shortest insert algorithm is
given below:

1. Choose a top point vy, and a subreturn-loop 77 which is formed without side.
Then find a top point v, which has shortest distance from v;. Based on v; and
vy, another return-loop 75 is formed, which includes sides (v;, v2) and (vy, vy).

2. If the subreturn-loop contains all n top points, then algorithm ends, other-
wise, seek a top point vy € V T;, this point meets the condition d (73, vs) =
min{d (T;,x),x € VT;},1 <i <n.

3. Find side (vy, vy) from T;, which ensures that d (vy, vy) +d (v, vy) —d (vx. vy)
is the shortest distance. Delete side (vy, v)) from 7; to give a new return-loop
T; +1 formed by sides (vx, vs) and (vs, vy).

4. The top point number in this sub return-loop plus 1, then go to step 2.

5.4.1.3 Programming Implementation

The steps for implementing the shortest insert algorithm are:

1. Build a matrix [d;; ], which shows distances between different top points.

2. Create a linear list: “Listl”, and put all the top points in Listl. Build a loop
chain-list: “List2”, put the first point A in Listl into List2, and delete this point
from Listl.

3. Calculate the distances between every point in Listl and the point A in List2.
According to the calculation results, find the point B, which has the shortest
distance. Insert B into List2 and delete point B from Listl1.
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4. If Listl is NULL, then algorithm ends, otherwise compare the distances between
all points in Listl and all points in List2, and find the two points with shortest
distance (suppose the point in Listl is x).

5. For all neighbouring points M; and N; from List2, calculate the absolute value
of XM; + XN; — M; N;. Select the two neighbouring points M and N with the
smallest absolute value.

6. Insert x in the middle of M and N on List2, and delete X from List1. Go to (3).

After the algorithm finishes, linear chain Listl is empty, and all top points have
been stored in return-loop list List2. The tool sequence and related position have
been put in List2, and need to be put in related tool objects, a correct connection is
automatically created between the tool object and related features to be punched by
this tool. After the tool sequencing algorithm finishes, each feature to be punched
should have been connected to a tool object.

5.4.1.4 Performance of the Algorithm

The performance of the shortest insert algorithm is very important in the CAPP
system. Several tests have been carried out with regards to its speed, optimality and
robustness. Table 5.1 shows three major characteristics of this algorithm compared
with two other common algorithms. In this table, L, is the length of the Hamilton
return-loop and Ly, is the optimum length of the Hamilton return-loop. As we can
see, the nearest neighbour algorithm is easy to implement by programming, but its
optimum performance is not good. The optimum weight spanning-trees algorithm
can achieve better optimisation results, but is hard to achieve using programming
and takes a long time to find the optimum result, especially when sheet metal parts
are more complicated.

As discussed in the previous section, the shortest insert algorithm can be imple-
mented easily by programming and performance is better than the nearest neighbour
algorithm and is not time consuming (from Table 5.1), which is suitable for the real-
time optimisation task in this project. In order to test the actual application results of
this algorithm, a series of tests have been carried out in two sheet metal companies.
A case study will be given in Section 5.5 (see Figure 5.10). These tests show that
the algorithm can achieve good optimisation results and has high robustness and
stability.

Table 5.1 Comparison of algorithms

Time Algorithm Programming
complex performance implementation
(La/ Lb)
Nearest neighbour algorithm 0 (n?) < % (log2 n+ 1) Very simple
Shortest insert algorithm 0 (n?) <2 Simple
Optimum weight spanning-trees o @ <2/3 Most complicated

algorithm
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5.4.2 Knowledge-based CAPP for Sheet Metal Cutting

Manufacturing parameters and auxiliary cutting paths are very important for the
cutting quality of sheet metal parts if a cutting procedure is chosen. The automatic
selection of manufacturing parameters using experiment results and a neural net-
work reasoning method has been investigated by several authors (Raggenbass and
Reissner 1991, Xie and Duan 1995). The auxiliary path is another difficult problem
for sheet metal cutting, especially for flame or laser cutting. For sheet metal parts of
different shapes, the auxiliary cutting path is quite different. Usually the auxiliary
cutting path are of three types: “cut-in”, “cut-out”, and “closed”.

The cutting process usually does not start from the contour directly, but from
somewhere else. A hole is made (using laser or flame) first, and after cutting a seg-
ment of the auxiliary path, cutting of the contour begins. After contour cutting is
finished, another exit auxiliary path is needed to be cut; these two segments of aux-
iliary path are the cut-in and cut-out auxiliary path. The hole is called “start hole”,
and should be set on waste material. When cutting inner contours, this hole should
be set on the inner side of the contour, when cutting outer contours, the hole should
be set on the outside of the contour. The closed auxiliary path is a special path that is
added in order to avoid burning a sharp angle while cutting as outer contours. There
are several different rules for different features, some examples are given below. All
these rules have already been put into the knowledge base.

5.4.2.1 Cut-in and Cut-out Auxiliary Path

Choosing a cut-in point. The cut-in point is the first point in a contour after cutting
the auxiliary path. This point is set automatically by the program. The CAPP plat-
form also provides a user interface for setting this point. The automatic generation
of the cut-in point is based on the principles as follows:

1. If the inner contour or the outer contour is circular, choose the point with least
y coordinate as the cut-in point.

2. If the outer contour is organised by line segment and circular segment, a set
of top points, U, will be formed by neighbouring parametric elements. Suppose
Uy is a set of the points with least x coordinate from set U. From Uy the point P
with least y coordinate can be chosen as the outer contour cut-in point.

3. If the inner contour is composed of line and circle segments, find top point P
according to step 2. From all the inner contours, find a related line or circle
segment the end point of which is P, and then choose the middle point as the
cut-in point.

Determination of cut-in and cut-out auxiliary paths. The cut-in or cut-out auxiliary
path is actually a segment of a circle or line. We also call these cut-in or cut-out
stretching arcs. Generally, for inner contours, the cut-in or cut-out stretching arc
is a segment of a circle. For outer contours, the cut-in or cut-out stretching arc is
generally a segment of a line.
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Figure 5.7 Cut-in and cut-out arcs for outer contour cutting
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Figure 5.8 Cut-out and cut-in arcs for inner contour cutting

As shown on Figure 5.7, the cut-in and cut-out stretching arcs of the outer contour
are extension lines of the tangent line to the outer contour at the cut-in point. On
Figure 5.7, lines from point A to point P are cut-in stretching arcs, and the lines
from point P to point B are cut-out stretching arcs.

As shown on Figure 5.8, cut-in and cut-out arcs of inner contours are circular
segments, the directions being tangential to the original line or circle at point P; on
Figure 5.8, lines from point A to point P are cut-in stretching arcs, and lines from
point P to point B are cut-out stretching arcs.

In order to avoid burning the sharp angle while cutting sharp angles of outer con-
tours, a circular auxiliary path is needed. A closed auxiliary path can be added on
the convex point of outer contours. Adding an auxiliary path on a concave point is
not allowed because it will “burn” the outer contours when the cutting tool enters
from the auxiliary path to the contour. There are three kinds of sharp angle situ-
ations as shown on Figure 5.9, Line-line, line—circle and circle—circle. The added
closed auxiliary paths as shown on Figure 5.9 are small triangles, the direction of
the entry and exit paths of the auxiliary path are tangential to the original contour
paths shifting at the corner.

P P

Line—circle Line—line Circle—circle

Figure 5.9 Circular auxiliary paths for outer contour manufacturing
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5.4.2.2 Least Distance Between Start Hole and Contour

The “start hole” is a small hole made before cutting the outer contours. A specific
amount of time is needed to make this small hole. There is an area called the heat-
ing influence area, and to ensure manufacturing quality, the heating influence area
cannot extend into the contours of the part. This means a least distance between
start hole and contour must exist. How this least distance is chosen influenced by
the cutting pattern, part material and thickness, and so on. To automatically choose
this least distance, a database was built based on experiments in the factory, and
a neural network aggregated from these experiments was also developed in this
CAD/CAPP/CAM system (Xie and Duan 1995).

The knowledge base containing the information on how to insert the cut-in and
cut-out auxiliary path is very important for the quality of cutting processes. Once
a knowledge base is built according to the aforementioned rules, a suitable auxiliary
path can be inserted automatically according to this knowledge base and experi-
ment databases. The experiment databases were built as a result of two years of
cutting experiments in the factory; a reasoning module using a neural network with
a self-learning function which can automate cutting process planning has been used
in this system. This module is very important for compound manufacturing pro-
cesses; without this module, the RTCAPP for compound sheet metal parts cannot
be achieved.

5.4.3 Tool Path Optimisation for Cutting and Cost Estimation

Cutting tool path optimisation is important for cutting efficiency. Compared with
the shortest tool path optimisation algorithm for the punching process discussed in
Section 5.4.1, the cutting process for sheet metal parts is different from CNC punch-
ing and tool exchange is not needed. The principle of the shortest path optimisation
algorithm for both cut and punch is almost the same, when some restrictions need
to be considered when implementing the optimisation process for cutting. These re-
strictions are based on actual compound manufacturing requirements. The cutting
and punching sequences need to follow some rules while the optimisation processes
are considered, for example, both punching and cutting processes must obey the
rule whereby the inner contour must be cut or punched first and outer contour cut or
punched later. Hence, the tool path optimisation for CNC cutting includes not only
path planning for the inner contours of each part, but also the machining sequence of
parts after nesting. Generally, for compound cutting and punching, nesting optimi-
sation of differently shaped parts should start first. The tool selection and punching
path-planning processes have to wait until the nesting optimisation process finishes.
The cutting process does not manufacture every part separately but depends on the
shortest cutting distance optimisation algorithm. For the cutting sequence of each
part, the entry point P of the part can be used for the arrangement of manufactur-
ing sequences. For tool path planning of the inner contours of each part, the entry
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point P of the inner contours can be used for arrangements of machining sequence;
the cutting path optimisation algorithm is the same as the punching tool sequencing
algorithm discussed earlier.

The manufacturing cost estimation submodule estimates the manufacturing cost
of the sheet metal part. This submodule takes its input from the NC programming
and the knowledge-based RTCAPP submodule. The compound machining time is
calculated from the NC part programs. The set-up times are estimated times as-
sociated with a particular punching operation, which include punching times and
set-up times. All the cost information have been recorded in a database. The cost
of using cutting processes such as the expense of cutting gas, auxiliary gas, cutting
machine and laser machine for laser cutting can be calculated from the machining
times. The cost of product design and process planning can also be calculated by
related cost information in the database. The cost of sheet metal utilisation ratio can
be calculated according to the data input from the nesting optimisation algorithms
submodule. The total manufacturing cost of the part can be calculated by adding the
estimated material cost to the sum of the costs of all processes. As we can see, all
the optimisation algorithms strongly influence the cost. The function of cost estima-
tion has been defined in Figure 9.5, the result of which can be sent to CAD or other
modules.

5.5 Simulation Platform for Compound Manufacturing

Simulation is one of the most powerful analysis tools available for the design and op-
eration of complex processes in a distributed environment (Tan and Hui 1998). For
compound sheet metal cutting and punching, a simulation platform becomes more
important because of the complex manufacturing processes resultant from both
punching and cutting processes running concurrently. In this CAD/CAPP/CAM in-
tegrated system, a real-time simulation platform has been developed. This simu-
lation platform is directly driven by geometric parameters, manufacturing param-
eters and process planning results. All key components such as punching tool se-
lection, path optimisation and nesting optimisation have to be tested in this plat-
form. Some modules (nesting and shortest insert algorithm) have been developed
and tested in isolation in industry for more than two years before being integrated
in this integrated CAD/CAPP/CAM system. A case study was undertaken with
regards to tool path planning, and the performance of the optimum algorithms
(nesting and shortest insert algorithm) and auxiliary cutting paths in two sheet
metal companies. Single and compound manufacturing processes have been com-
pared.

Figure 5.10 shows the different manufacturing processes of four frame parts
after nesting optimisation using different manufacturing methods. As there was
no nesting algorithm in these companies, the nesting program greatly improved
the utilisation ratio of their raw materials, especially when the shape of the sheet
metal part was more complicated. Auxiliary cutting paths were added automat-
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ically according to the knowledge bases discussed in Section 5.4.2, and can be
clearly seen in Figure 5.10a and 5.10b. Figure 5.10a shows the performance of
the laser cutting method with the shortest path optimisation algorithm and Fig-
ure 5.10b shows the performance of the laser cutting method using the nearest
neighbour optimisation algorithm. For the example parts, the cutting distance dif-
ference between the two algorithms is shown in Figure 5.10h. It is obvious that
the shortest path optimisation algorithm reduces the non-machining moving dis-
tance and its performance is better than the nearest neighbour optimisation algo-
rithm. Figure 5.10d shows the punching machining method with shortest path op-
timisation, and Figure 5.10e shows punching machining without the optimisation
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Figure 5.10 Simulation result for cutting, punching and compound manufacturing
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algorithm. We can see the difference before and after the tool path-planning algo-
rithm. Comparing Figure 5.10d with Figure 5.10e, the total path length after opti-
misation is longer than the total path length before optimisation. However, punch-
ing tools need to be changed more frequently according to Figure 5.10d, which
results in a lot of waste of time. Figure 5.10g shows the machining time differ-
ence of the single punching machining method before and after optimisation when
tool-changing time is set as 50 s and the moving speed of the machine is 5 m/s.
The machining time difference is also shown in Figure 5.10g comparing the sin-
gle punching method and the compound method. The better performance of the
compound manufacturing method can be clearly seen when compared with sin-
gle manufacturing methods. Figure 5.10c shows results using the compound man-
ufacturing method containing all the functional modules. It is apparent that the
total distances moved by the manufacturing tools shorter than when using other
methods shown in Figure 5.10. This compound manufacturing method can greatly
shorten the manufacturing time and distances that the tools move. Manufactur-
ing efficiency is also greatly improved. After being given the related cost param-
eters detailed in Section 5.4.3, the overall cost can be automatically estimated. Fig-
ure 5.10f shows the cost estimation for the compound manufacturing method com-
pared with the other two single manufacturing (cutting and punching) processes
before and after optimisation. These simulation results show that manufacturing
time and cost can be significantly reduced by using the CAD/CAPP/CAM inte-
grated compound manufacturing method. The utilisation ratio of sheet metal parts
can be improved by using the nesting algorithm in real time, and costs can be op-
timised and sent back to the designer in real time to achieve a more economical
design.

5.6 Conclusions

A fully integrated and concurrent sheet metal compound manufacturing CAD/
CAPP/CAM system which allows for the creation of a real-time process plan and
definition of non-standard protocol information for sheet metal part design and
compound manufacturing processes has been presented. The source code of the
CAD/CAPP/CAM system is given in Appendix A.5. A data integration platform
has been proposed for the definition of information models and functions for sheet
metal punching and cutting. A knowledge-based real-time CAPP system with opti-
misation of manufacturing process and utilisation ratio has been developed to im-
prove manufacturing efficiency and product quality, and to cut costs. This integrated
and concurrent CAD/CAPP/CAM system eliminates the necessity for employing
different software packages for simulation, NC generation and process planning
and optimisation activities. It will enable “right first time” design, improve product
quality, reduce product costs, and enable rapid response to market needs in terms
of reaction time and product changes. This integrated CAD/CAPP/CAM system for
compound sheet metal parts manufacturing has been developed using Visual C++
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programming language. After the system was developed, it was implemented by
two sheet metal manufacturing companies and used for over two years. The utilisa-
tion of their sheet metal parts has been improved by 15 %, costs and product design
and manufacturing time have been greatly reduced, and the PD cycle time has been
significantly shortened.
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Chapter 6

An Agent-based Sheet Metal
Process Planning System

Abstract The requirements for computer-aided process planning (CAPP) systems
have changed in the current integrated manufacturing environment. More require-
ments such as openness, real time operation and distribution of process planning
need to be satisfied by integration. New systems must be open and dynamic with
the ability to adapt and accept radical unpredictable changes in structures and in-
dustrial practices. This chapter proposes an agent-based process planning system
(ABPPS) for optimal sheet metal PD. The structure of the system is discussed in de-
tail. A number of agents are defined, including an unfolding agent, a feature recog-
nition agent, a task agent, a nesting agent, a path planning agent, a bending agent,
a machining method selection agent, a machine selection agent and a fixture/jig se-
lection agent. Intermodules of typical agents (nesting agent, path planning agent,
bending agent) are built for the system. In addition, how agents cooperate with oth-
ers to implement tasks is also investigated.

6.1 Introduction

Globalisation of international markets has created a high level of competition that
requires great agility, rapid changes in production styles and fast configuration of
manufacturing systems. As the bridge between computer-aided design (CAD) and
computer-aided manufacturing (CAM), computer-aided process planning (CAPP)
plays an important role in the computer integrated manufacturing (CIM) environ-
ment. CAPP is related to every stage of the PD process, such as feature recognition,
machining operation selection, machine selection, cutting tool selection, fixture se-
lection and design. Manufacturing process planning determines how a product will
be manufactured. It is a complex engineering process of selecting and sequencing
manufacturing processes and parameters, so that one or more goals such as lower
cost and shorter processing time are achieved, while satisfying a set of constraints.
In today’s global manufacturing market, methods to increase the integration, open-
ness, real-time operation and distribution of process planning to reduce product lead
time and cost, and to achieve high quality and productivity, have become paramount.
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The increasing needs of CIM systems in various industries require that CAPP
systems be extendible and flexible to suit different practical industrial applications.
The use of agent technology can break down the rigidity and loss of flexibility and
adaptability of CIMs in a dynamic environment, and realise strong cooperation and
coordination in the whole system to achieve low cost and short lead-time prod-
ucts. Successful applications of agent technology in support of concurrent design
have shown advantages over traditional approaches (Cherkaoui e al. 2003, Huang
2004). When a new design for a product is developed via CAD, CAD designers can
receive downstream feedback from the process planning phase and the manufactur-
ing shop floor concurrently using agent technology, and an optimal design plan can
be achieved. This dramatically reduces PD cost and lead time. Agent technology is
regarded as one of the most promising technologies to fulfil the above-mentioned
goals for process planning in a distributed manufacturing environment.

Agent technology is not a single, new, emerging technology, but rather the inte-
grated application of multiple technologies. In artificial intelligence (Al), the agent
concept grew from early work on blackboards, contract-nets, and actors, to the very
popular and widely used term in many research areas today. The agent-based method
offers a powerful repertoire of tools, techniques, and metaphors that have the poten-
tial to considerably improve the way in which people conceptualise and implement
many types of software. Agents are being used in an increasingly wide variety of ap-
plications — ranging from comparatively small systems such as personalised email
filters, to large, complex mission-critical systems. A number of researchers have
attempted to apply agent technology in industrial applications, including process
control, manufacturing, air traffic control and industrial robotics.

The properties of agents meet the requirements of the next generation manu-
facturing systems (Shen and Norrie 1999), which need to be open, dynamic, agile,
scalable and fault tolerant. Nowadays, agent technology is recognised as a promis-
ing approach for intelligent manufacturing systems. The unique features of agent
technology have shown great potential in developing distributed manufacturing sys-
tems. It leads to applications in manufacturing areas, such as manufacturing plan-
ning, scheduling and control, supply chain management, and enterprise integration.
In the traditional manufacturing environment, information systems mimic organisa-
tional structures, utilising a top-down, command-and-control structure. Communi-
cating decisions and information down through the organisation is time consuming
— making it impossible to respond and adapt quickly to the external environment.
Traditional manufacturing relies on schedules as a means of forecasting what needs
to be produced. One of the problems with traditional schedulers is that they try to
anticipate and plan for every possible change that may occur. However, in real in-
dustrial cases, the range of scenarios and possible combinations of parameters is
extremely large owing to the complex manufacturing environment. In short, tradi-
tional manufacturing facilities have shortcomings that affect their ability to com-
pete in today’s constantly changing marketplace. The traditional approaches limit
the expandability and reconfiguration capabilities of manufacturing systems. These
shortcomings lead to problems such as reduced productivity, increased costs, and
missed market opportunities. To remain competitive in today’s marketplace, man-
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ufacturing systems have to be upgraded to meet today’s increasingly dynamic and
sophisticated manufacturing requirements.

This chapter proposes an agent-based process planning system (ABPPS) for
sheet metal parts, and investigates how agent technology can be applied in sheet
metal process planning. The aim is to use agent technology to facilitate flexibil-
ity and distribution of process planning. In the agent-based approach, a complex
process planning task is divided into small subtasks. Each subtask is performed by
a defined agent. The process planning tasks are carried out by various defined agents
working cooperatively in a distributed environment. The structure of the system is
investigated and tested and agents for sheet metal process planning tasks are defined.
The essential point in agent technology is the power of multiple cooperating agents,
however, one should also understand the functionality of the individual agent to be
able to benefit from agent technology.

6.2 Literature Review

In modern manufacturing, reducing the process planning and machining time has
become very important as the industry moves towards small batch production. The
emergence of agent technology in process planning is an exciting and promising
research area that promises to increase production efficiency and competitive ability
in fierce markets. This section gives an overview of process planning and agent tech-
nology in process planning. It also discusses current process planning problems and
demonstrates how they can be solved using agent technology. Three agent-based ap-
proaches for process planning are presented, and key issues in developing an agent-
based process planning system are investigated.

6.2.1 Agent Technology in Process Planning

Instead of being one large and standalone expert system, agent technology has
emerged as a solution for distributed artificial intelligence and has attracted the
attention of researchers in the area of process planning. Owing to the difficulties
in solving process planning problems using traditional centralised problem solving
methodology, a multi-agent system (MAS) approach is used as an attempt to solve
planning and scheduling problems. As a distributed problem-solving paradigm,
MAS breaks complex problems into small and manageable subproblems to be
solved by individual agents cooperatively. The agent-based approach is recognised
as an effective way to realise adaptiveness and dynamism in process planning.
Agents are ideally suited to systems that require communication between many data
sources. The agents can easily interface with various planning databases to provide
optimal process plans. In addition, the attributes of agents make the use of agent
technology in the development of CAPP/CAM systems particularly useful (Allen
et al. 2001). Agents can be programmed to accomplish various planning activities
such as machine type, cutting tool and cutting parameter selecion to machine spe-
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cific geometries or features. These can then be integrated to build up a collaborative
CAPP system.

Although agent technology has shown great potential in collaborative process
planning, it is still somewhat underdeveloped compared with traditional CAPP re-
search. Until now, there has been no mature system, tool, or module developed that
could lead to a novel approach for developing agent-based process planning sys-
tems. There have been a number of agent approaches in recent years. For example,
a cooperative CAPP system was proposed by Zhao and Wu (1999). This system
aimed to meet five major requirements of a distributed CAPP system: autonomy,
flexibility, interoperability, modularity, and scalability. The CoCAPP system attacks
process planning problems by distributing them to special process planning agents.
These agents coordinate and cooperate with each other via a commonly shared
language with the expectation of reaching agreements when conflicts occur. Bose
(1999) introduced a cooperative distributed problem-solving (CDPS) framework to
solve CAPP problems arising from a rigid hierarchical structure of tasks. CDPS also
decomposes a problem into subproblems and distributes them among a network of
problem solvers (agents), which cooperate with each other to work out solutions.
Three types of agent are included in the process planning system; a job process plan-
ning manager, a work centre manager, and a work centre knowledge expert. Agents
solve a problem by sharing their expertise, resources, and information, and generate
a complete solution to the problem. This proposed system focused on the manu-
facturing process, but also has the potential to be used for a cooperative schedul-
ing system. Zhang et al. (1999) proposed an agent-based adaptive process planning
(AAPP) system, which is on top of an object-oriented manufacturing resources mod-
elling (OOMRM) framework. The OOMRM describes the manufacturing resources
capability and the capacity in an object-oriented manner. The man—machine inte-
grated process planning platform is implemented based on the OOMRM and an ex-
perienced manufacturing engineer is able to map out a more reasonable and flexible
machining process. Five agents with distributed process knowledge are developed
in the AAPP to perform tasks such as part information classification, manufacturing
resources mapping, process planning, human planning, and machining parameter,
by working together in a cooperative manner. The coordination between agents is
based on the contract net protocol. An integrated, distributed and cooperative pro-
cess planning system (IDCPPS) formed on the basis of concurrent engineering and
using a cooperatively agent-based approach, was proposed by Chan et al. (2001) to
integrate design, process planning and scheduling. The process planning agents are
at three levels; initial planning level, decision-making level and detailed planning
level. Sluga et al. (1998) introduced a virtual work system as an essential building
block for decision-making in a distributed manufacturing environment. Shih and
Srihari (1995) proposed a distributed Al-based framework for process planning. The
approach decomposes the entire production control task into several subtasks, each
of which is implemented by an intelligent agent. The agents can reach a solution for
the problem by working collaboratively. Research has also been carried out by Park
and Baik (1999) and Sun ez al. (2001) to develop methods and technology for coop-
erative agent-based process planning. Denkena et al. (2002) proposed a multi-agent
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architecture to determine operating routes and schedules. The proposed multi-agent
planning architecture builds a flexible, reliable and fault-tolerant information logis-
tics to enable supply chains, temporal logistic networks or virtual enterprises.

In addition to the approaches identified above, there is also research using agent
technology in process planning, which does not fall into the above-mentioned cate-
gories. Wang and Shen (2003) presented a new distributed process planning method-
ology by integrating machining feature-based planning, function block-based con-
trol, and agent-based distributed decision-making. The proposed methodology is
suitable for dynamic, reconfigurable and distributed manufacturing environments.
An agent-based approach was adopted for intelligent decision-making involved in
distributed process planning. A two-level architecture for supervisory planning and
operation planning was presented.

Kornienk et al. (2004) used autonomous agents to solve the assignment problem,
which is often encountered in manufacturing. Generally, the assignment problem
can be classified into scheduling, resource allocation and planning of operation or-
der. This is a classical NP-hard problem. The agent-oriented approach addressed
the lowest level of manufacturing architecture, where low-level jobs are assigned
to available machines. The aim of the research was to generate this assignment
via agents that represent different factory departments as well as processing ele-
ments. The approach addressed how agent-based process planning was used, and
when production orders should be assigned to available machines after taking into
account the technological, and organisational restrictions as well as optimisation
criteria. Another example demonstrated an agent-based optimisation approach for
manufacturing process planning (Deshpande and Cagan 2004).

6.2.2 Issues in Developing Agent-based Process Planning Systems

The general issues related to agent-based manufacturing systems were discussed in
Shen and Norrie (1999). They include agent technology for enterprise integration
and supply chain management, agent encapsulation, multi-agent organisation, dy-
namic system reconfiguration, learning in agent-based manufacturing systems, de-
sign and manufacturability assessments, distributed dynamic scheduling, planning,
scheduling and execution, factory control architectures, and tools and standards.
Most of these issues also exist in ABPPS. In this section, the key issues in develop-
ing an ABPPS are identified. They are: 1. architecture issues, which include agent
architecture issues and system architecture issues; 2. communication issues, which
include standards and protocols; 3. application issues in support of collaborative
process planning.

To develop an ABPPS, the first step is to identify tasks involved in the system, and
then divide and assign these tasks to agents. The decomposition of a high-level task
into subtasks or subsubtasks is not an easy job (Zhang and Xie 2007). The task de-
composition should satisfy some criteria (Gasser and Hill 1990) and task allocation
should apply some allocation techniques. Currently, task decomposition is often man-
ually done by human beings. Automatic task decomposition needs to be investigated.
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Before assigning tasks to agents, agent partition and the classification of different
types of agents are needed for this application. The agents in an ABPPS need to be
classified and should follow the defined principles:

1. Depending on the different functions agents perform in an ABPPS, agents can
be grouped into feature recognition agents, machining operation agents, tool
selection agents, efc.

2. Some agents may be developed by encapsulating existing tools and databases to
provide specific services.

3. The size of an agent should be neither too small or too large. If an agent is too
small, it will need to define more interface messages and will be more difficult
to integrate. If it is too large, it will be insufficiently configurable and difficult
to change.

These principles for a complex multi-ABPPS are too abstract and simple. More
detailed principles of division should be established.

6.2.2.1 Agent-oriented Analysis and Design

At present, extensions of object-oriented or knowledge-oriented manufacturing
analysis and design methods are used to develop agent-based manufacturing sys-
tems. The agent-oriented design and analysis method is extended from object-
oriented methods. Until now, there has been no widely accepted method for agent-
oriented analysis and design for ABPPS, or for agent-based manufacturing systems.
Most existing agent-oriented analysis and design methods are still under develop-
ment. Therefore, agent-oriented analysis and design methods for process planning
need to be investigated. Therefore, the investigation of agent technology and object-
oriented technology integration for a collaborative process planning needs to be
further researched.

6.2.2.2 Platforms Supporting Applications

Multi-agent systems can be adequately developed using the usual object-oriented
languages. Platforms have also been developed or are developing for multi-agent
systems, such as AgentBuilder (www.agentbuilder.com), concordia (Concordia
2001), JatLite, IBMAglets, FIPA-OS and JADE. Most of these platforms use the
Java language because of its various features for implementing distributed systems.
These platforms have their own characteristics in applications and are still under-
going improvement. Therefore, how an appropriate and effective platform can be
selected for the development and implementation of an ABPPS needs to be investi-
gated.

6.2.2.3 Implementation

The development of an agent-based application requires many infrastructure ser-
vices, such as standards of implementation and mechanisms for establishing com-
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munication among agents. In addition, although there are commercially and aca-
demically available tools or frameworks to implement multi-agent systems, tools
and platforms should be based on standards. However, there are no widely accepted
agent-oriented standards for agent-based systems development. Distributed compo-
nent object model (DCOM)/component object model (COM) and common object
request broker architecture (CORBA), which have been widely accepted for devel-
oping agent-based manufacturing systems, will continue as intermediate standards
for object-oriented implementations until agent-oriented standards are available for
system implementation. More effort is required in the research of agent-oriented
implementation standards for coordinative process planning.

In addition to the issues discussed above, other problems include agent encapsu-
lation, decision schemes of individual agents, and theatrical investigation of method-
ology for agent-based process planning.

6.3 An Agent-based Sheet Metal Process Planning System

The sheet metal industry has focused on the automation of punching, cutting, shear-
ing and nesting processes for the development of sheet metal parts. According to the
literature, there is currently no research being carried out to apply agent technology
in sheet metal process planning. This chapter investigates an ABPPS for sheet metal
parts and the structure of the ABPPS is discussed. In this system, the process plan-
ning of sheet metal parts is divided into several planning tasks, which are completed
by several defined agents. These agents collaborate and cooperate with each other
to work out the final process plan.

6.3.1 Agent-oriented Analysis and Modelling

Agent technology has been applied in many areas in recent years, and the com-
plexity of applications has also increased gradually in these areas. Therefore, it has
become increasingly necessary to develop a set of methodologies to guide agent-
based applications. The agent-oriented (AO) methodology has the potential to de-
velop agent-based applications, and without a doubt, is the foundation for develop-
ing ABPPS. Originating from the object-oriented (OO) methodology, AO is already
regarded as another important methodology or technique in the software develop-
ment area. Therefore, it is worthwhile to investigate how OO and AO methodologies
are used to design systems.

6.3.1.1 Object-oriented Methodology

Most existing agent-oriented analysis and design methods are extensions of object-
oriented analysis and design methods or are extensions of knowledge engineer-
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ing method. There are three steps to developing an object-oriented system: object-
oriented analysis (OOA); object-oriented design (OOD); and object-oriented pro-
gramming (OOP).

The idea of OOA is to build models for software requirements by adopting
object-oriented concepts and methods. In this step, customers’ requirements are
analysed so that they can be made precise and consistent. The main steps in OOA
include objects recognition, recognition of their attributes, behaviours, and their cat-
egories and structures. Problem statements are carefully analysed, and the system
analyst must work closely with the requester (customer) to understand the problem.
At this stage, a preliminary design model which is concise, consistent and clear is
built.

OOD is closely related to OOA. Normally, methods of OOD are based on OOA
models. The model is now subdivided into logical and physical subsystems based
on the proposed architecture. It is augmented and complemented by more design
details. A design model based on the analysis models is developed. The goal in the
design stage is to transfer the OOA model to a model that is easy to implement.

OOP codes the OOD models in a form which computers can accept. Com-
pared with traditional programming languages, object-oriented languages (such as
Smalltalk, C++, Java,) can generate programs quickly and naturally.

Figure 6.1 shows a typical object-oriented development process (Katayama
2002). As can be seen from the figure, the three steps are:

1. Analyze the requirements of the system, define objects and classes, regard an
object as an abstract unit, and define relationships among objects, which include
static and dynamic relationships.

2. Design the structure and contents of objects, such as attributes, methods and so
on, and develop the object models.

3. Develop object models by writing codes in OO languages.

Architecture Design
Choice of impl. Strategy
Objekt Design

Analysis

D]i’/jl:i]r:]lc Design »  Coding
Coding in
0O language

Analysis
Model

Figure 6.1 Typical object-oriented development process
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6.3.1.2 Agent-oriented Methodology

Agent-oriented methods regard an agent as a basic unit and abstraction. An agent
goes through the whole process of analysis, design and system realisation. Analysis
and design can be thought of as a process of developing increasingly detailed models
of the system to be constructed. These two phases are discussed below.

Agent-oriented Analysis

The objective of the analysis stage is to develop an understanding of the system and
its structure. This understanding is reflected in the system’s organisation. We view
an organisation as a collection of roles that stand in certain relationships to one
another, and that take part in systematic, institutionalised patterns of interactions
with other roles (Wooldridge and Jennings 2000). Let us take the human society
as an example to facilitate agent-oriented analysis. The concept of MAS originated
from simulation of the organisational structure of human society. Therefore, we
start analysing an agent-based application system by analysing the organisation of
human society. Normally, “people” are the units of human society. Every person
plays a different role. Roles determine the organisational structure and relationships
among people. Similarly, we may consider the agent-based application area as a hu-
man society. The organisation of this agent-based application is comprised of many
entities, which play their own roles. These roles are then further analysed. The anal-
ysis of roles includes four steps:

1. Define different roles involved in the system, and then further categorise roles
according to their similarity; analyse roles and determine the criteria for defining
key roles.

2. Analyse responsibilities that must be completed by key roles: a role is created
in order to do something. That is, a role has a certain functionality. This func-
tionality is represented by an attribute known as the role’s responsibilities. The
knowledge, capability and related behaviours of roles are then determined ac-
cording to their responsibilities.

3. Analyse relationships among key roles, such as peer-to-peer relationships or
hierarchy relationships; the relationships among them determine the communi-
cation and control mechanism.

4. Analyse the contact process among key roles and determine the form of infor-
mation exchange (protocols), information content, etc, so that the requirements
for communication functionality can be determined; analyse the cooperation
process among them, so that the cooperation mechanism can be determined.

Agent-oriented Design

Agent-oriented modelling views the agent as an abstract unit; modelling methods
are based on results at the analysis stage. It also includes four steps:
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1. Abstract key roles to agents. When defining an agent, the size of the agent cannot
be too small or too large. If the agent is too small, it will need to define more
interface messages and will be more difficult to integrate. If it is too large, it will
be insufficiently configurable and difficult to change.

2. Design agents’ architectures based on their knowledge, capacity and behaviours;
determine the knowledge representation, internal rules and decision-making
methods.

3. Design relationship models among agents, such as cooperation or competition.
Due to the autonomy of an agent, its roles may change, resulting in changing
relationships among agents. Therefore, the relationship model is dynamic.

4. Determine communication mechanism, protocols and communication language
(message syntax and semantics) and coordination mechanism.

6.3.2 The Structure of Agent-based Process Planning System

Process planning for sheet metal parts is a very complex and difficult problem. It
involves activities such as nesting, cutting and bending, and different types of ma-
chines for sheet metal machining, including punching machines, cutting machines
and unfolding machines. The complexity the process planning of a job and the vast
amount of information that a system would need to process to make planning de-
cisions makes process planning an appropriate candidate to be designed as a multi-
agent planning system.

Using agent-oriented analysis and design methods, sheet metal process planning
is divided into three phases:

1. task identification — this analyses and assigns process planning tasks for given
sheet metal parts;

2. process planning — this includes generating a nesting plan, a tool path plan, and
a bending plan;

3. resource selection — this involves selecting machining methods, machines, ma-
chining tools and work holding devices.

Three main managers, each in charge of three key roles, and a supervisor that moni-
tors and supervises the process status of all agents, are defined. In order to meet the
requirements of a modern process planning system for sheet metal parts, this pro-
posed system aims to design a distributed and collaborative environment for sheet
metal parts process planning, and make process planning for sheet metal parts more
flexible, autonomous and efficient.

This ABPPS is based on the Java Agent DEvelopment (JADE) Framework. The
JADE-based architecture of the prototype ABPPS is shown in Figure 6.2. JADE pro-
vides an organised environment to run a collection of agents in the ABPPS. These
agents may run on different computers connected to the network. They perform dif-
ferent system functions and cooperate with each other. All agents work together to
solve the entire process planning problem cooperatively.
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Figure 6.2 Agent-based process planning system for sheet metal parts

As shown in this figure, three agent platforms are developed based on three dif-
ferent systems; the CAD system, the scheduling system, and the ABPPS system.
These three platforms run in individual computers in a distributed environment.
The CAD agent and the scheduling agent are located in two agent platforms sep-
arately. The ABPPS communicates with the CAD system and scheduling system
via a message transport service channel, which uses mechanisms and protocols to
perform communicating among platforms. A CAD agent is defined in the CAD sys-
tem, a scheduling agent in the scheduling system, and a number of other agents are
defined in the ABPPS.

The ABPPS system receives product design information from the CAD agent
of the CAD system and production constraints from the scheduling agent of the
scheduling/shop floor system. The ABPPS and the CAD system work concurrently.
ABPPS generates the process plans according to the product design information
and gives feedback of design suggestions to the CAD agent. This means the process
planning system serves the CAD system at any time, and vice versa. The scheduling
system is responsible for providing information about the processing potential on
the shop floor. The information provides resource constraints and capabilities to the
ABPPS system when process plans for a part need to be generated.
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In ABPPS, process knowledge is distributed into different intelligent agents and
process planning is fulfilled by communication among them. The process knowl-
edge is knowledge used in performing a planning task such as nesting algorithms,
bending rules and path planning algorithms. In total, there are 12 agents developed
to carry out various process planning tasks. In the prototype system, these agents
are grouped into four coordinated clusters based on their type of task. These four
clusters have been defined as:

1. Supervisor — used to register agents and monitor all agents’ process status;

2. Tasks Manager — unfolds 3D parts to 2D sheet metal parts, recognises features,
identifies process planning tasks and assigns these tasks to agents;

3. Process Planning Manager — generates the nesting plan, tool path plan and bend-
ing plan;

4. Resource Manager — used to determine machining methods, machines to be
used, tools and fixtures/jigs.

These managers have their own defined agents, which will be discussed in later
sections. These agents play different roles and cooperate with others by a message
transport service to achieve their common goals.

Communication among agents, including product information exchange, is a key
issue in developing an ABPPS. STEP (Burkett and Yang 1995) provides a mech-
anism capable of describing product data throughout the life cycle of a product. It
has become a commonly accepted standard and is commercially available. The pro-
posed ABPPS adopts STEP as the product modelling standard. It can enhance inte-
gration and communication among the CAD system, the ABPPS and the scheduling
system.

6.3.2.1 Supervisor

The supervisor consists of a directory facilitator agent and a graphical user interface
agent.

Directory Facilitator Agent (DF). This agent is developed in JADE. If one agent
wants to be recognised by other agents and provide services for other agents, it must
register first with a DF agent. A DF agent is responsible for the registry of agents and
investigates their abilities to provide a “yellow pages” service by means of which
an agent can find other agents providing the services it requires in order to achieve
its goals. A yellow pages service allows agents to publish one or more services they
provide so that other agents can find and exploit them, as described in Figure 6.3
(Caire 2003). Agentl (A1), Agent2 (A2) and Agent3 (A3) publish their services to
the DFE. As we can see from this figure, Al provides service X and service Y, A2
provides service Z, and A3 provides services W, K and H. Agent4 (A4), Agent5
(AS) and Agent6 (A6) search for required services on the yellow pages. A6 exploits
the required services provided by A3. In addition, this multi-agent architecture is
dynamic, which allows new agents to join and old agents to quit.
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Graphical User Interface Agent (GUI). This agent is built to monitor the work
status of all agents in the ABPPS system. The current working status of all agents
can be checked at any time. Agents report their working status after finishing a job.
From this, one can check what job a particular agent is doing, and which agent is
doing a particular job. Figure 6.4 shows the functionality of DF and GUI. Agents
(1, 2,..., n) of this system register their services with DF. After performing tasks,
these agents regularly report their working status to GUL.

6.3.2.2 Tasks Manager

This includes an unfolding agent, a feature recognition agent and a task agent.
Unfolding Agent. The unfolding agent receives 3D product models of sheet metal
parts from the CAD agent, and automatically converts 3D solid bent sheet metal
parts into 2D sheet metal parts. Some possible changes are taken into account during
the bending operations by this unfolding agent, such as a change in angle formation
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and change in length of the bent section. It automatically calculates the changes
caused by the bending operations.

Feature Recognition Agent. This agent maps product information from the un-
folding agent into a set of machining features, such as cutting features, punching
features and bending features. Then, it analyses the relationships between these fea-
tures. It also checks how many different parts are to be recognised. Finally, it sends
its analysis results to the task agent.

Task Agent. Figure 6.5 shows the behaviour of the task agent. It receives re-
sults of part features analysis from the feature recognition agent. It also checks how
many different parts are involved in the process planning. It identifies particular
tasks needed to be completed for process planning. Then, based on the services
provided by the directory facilitator agent, the task agent finds suitable agents and
assigns different tasks to them. It then waits for the next set of jobs.

6.3.2.3 Process Planning Manager

The process planning manager plays a fundamental role in the system. It includes
a nesting agent, a path planning agent and a bending agent.

Nesting Agent. The nesting agent is in charge of nesting different shapes of sheet
metal parts in one sheet to reduce set-up times and material wastage. The main
purpose of the agent is to find the optimum layout of 2D parts of different shapes
and sizes within the available sheet, and to reduce waste and maximise the num-
ber parts to be nested. It recognises and stores all the geometric information of the
part features, then generates a scheme, usually optimal, to layout the components
on the sheet metal to achieve a certain objective, which is usually maximum ma-
terial utilisation ratio. The nesting agent contains knowledge of nesting algorithms
within a knowledge base, and includes genetic algorithms, heuristic algorithms, and
bottom-left algorithms. An optimal layout of components can be generated by inte-
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grating appropriate nesting algorithms. The structure of the nesting agent is shown
in Figure 6.6. The nesting agent includes the following four modules.

1. A communicator controls interactions with other agents by performing commu-
nication mechanisms, including intercommunications, negotiations, coordina-
tion and cooperation.

2. A local knowledge base contains the domain knowledge for nesting, such as
genetic algorithms, heuristic algorithms, bottom-left algorithms, efc., and ge-
ometric information of parts to be nested. The knowledge base is built based
on previous experience and experiments with nesting algorithms under various
nesting scenarios.

3. An inference engine is the generic control mechanism that applies the knowl-
edge present in the knowledge base to the task-specific data to deduce conclu-
sions. In this case, the inference engine navigates through and manipulates the
knowledge to deduce nesting results in an organised manner by executing an
inference mechanism. Two methods of inference are often used, forward and
backward chaining (Navin 1997).

4. Interfaces include a part type definition interface, a part selection interface, and
a sheet metal size definition interface. The part type definition interface deter-
mines single part types or multiple part types to be nested. The part selection
interface is defined for selecting the data file of parts that have to be nested on
the sheet, and determining the number of each type of part. The sheet size defi-
nition interface defines the size of the sheet metal and gaps between parts when
nesting. A screen shot of the interfaces is shown in Figure 6.7: a multi-part type
is selected by the part type definition interface; three parts (named 01-1-6, 01-2-
1, 02-6-3) and their numbers (5, 6, 5 separately) to be nested are chosen by the
part selection interface; sheet size definition defines the sheet size as 4 m long
and 3.5 m wide.
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Figure 6.7 Schematic diagram of interfaces of the nesting agent

After all parameters have been set using the interfaces, the nesting agent starts nest-
ing using the algorithms stored in its knowledge base. Within the nesting module
there is also an interface for users to rotate, copy and delete parts to improve the
utilisation of sheets. When nesting is finished, an evaluation is performed. The per-
formance evaluation module calculates the usage ratio of the sheet. This is reported
back to the task agent. If the task agent is not satisfied with the result, it will ask the
nesting agent to repeat the nesting, until a satisfactory result is reached.

Path Planning Agent. The path planning agent optimises the machining path af-
ter the nesting task is completed. It receives notification from the nesting agent
once a nesting task is completed. The agent also communicates with the machin-
ing method selection agent to check what machining operations have been chosen
for machining. Then, the path planning agent calculates the optimal path using al-
gorithms, including a nearest neighbour algorithm, a shortest insert algorithm, an
optimum weight spanning-trees algorithm (Xie et al. 2001), or an algorithm for
a combined punch-laser machine (Wang and Xie 2005). The results are stored in
the knowledge base of the path planning agent. These algorithms are used to save
machining time and reduce tool travel distance. The structure of the path planning
agent is shown in Figure 6.8, and is comprised of four modules.

1. A start point definition module. This module is designed to define the start cut-
ting or punching point for a feature. This requires industrial experience and
should be considered case by case.

2. Auxiliary cutting path insertion module. This module is designed to add cut-in
and cut-out auxiliary path to improve the cutting quality and is called up only
when a cutting process is selected. The length and shape of the auxiliary path
depend on the cutting speed, the shape of the feature, and the sheet material.

3. Path planning and simulation module. This module is designed to generate the
tool path using path optimisation algorithms contained in its knowledge base. It
can also simulate the machining operation.
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4. The performance evaluation module evaluates the machining time and machin-
ing efficiency of the tool path. This is reported back to the task agent; if the task
agent is not satisfied with the result, it can ask the path planning agent to further
optimise the machining path.

Bending Agent. If there are parts which need to be bent in the process planning,
a bending agent is called to determine the sequence of bending operations to min-
imize cost. It generates a bending sequence based on bending rules defined in its
knowledge base. The bending agent has a similar architecture to the nesting agent.
It also includes a communicator, knowledge base and an inference engine. The struc-
ture of the bending agent is shown in Figure 6.9.

1. The knowledge base contains the precedence rules and constraints for determin-
ing the bending sequence. For example, outside bends should be made before
inside bends; internal tab bends, tab bends, and short bends should be bent first.

2. The bending sequence module uses bending rules stored in the knowledge base
to arrange bending sequences for different parts (de Vin et al. 1994, Wang and
Bourne 1997).

Communicator

» Bending Sequence

Inference Engine

Knowledge Base

Figure 6.9 Structure of the : 1
bending agent T —— :
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3. The user interface is designed to resolve conflicts when the precedence rules and
constraints do not work well. Industrial experience and knowledge are required
because the conflict resolution methods vary with products and machines.

6.3.2.4 Resource Selection Manager

There are four agents defined for resource selection. They include a machining
method selection agent, a machine selection agent, a tool selection agent and a fix-
ture/jig selection agent.

Machining Method Selection Agent. This agent determines the features machin-
ing methods for a product. When a product machining task is given, the machining
method agent utilises its knowledge to analyse the features to generate an optimal
machining method based on constraints such as cost, lead time and machine capa-
bility.

Machine Selection Agent. This selects machines for different machining meth-
ods. It receives machining methods data and chooses machines by checking the
available machines and their capabilities. The machine agent organises the avail-
able machines on the shop floor and knows the ability of each machine and its
machining parameters, such as power, speed, efc. These machines include cutting
machines, punching machines, combined machines performing both punching and
laser-cutting operations, shearing machines, bending machines, and welding ma-
chines. There are rules defined for machine selection. For instance, if both cutting
and punching features exist in one sheet, a combined machine is a better choice than
separate cutting and punching machines because multi-machinery requirements in-
fluence not only the manufacturing efficiency, but also the manufacturing quality
and cost. If a combined machine is not adequate for fabrication, other machines are
chosen based on real applications. The machine selection agent has knowledge of
all the machines available in the company.

Tool Selection Agent and Fixture/Jig Selection Agent. These are defined to select
tools and fixtures/jigs for machining. The agents know the capabilities of tools and
fixtures, such as their type, material, working conditions, machine requirements and
state. When the machining method selection agent and the machine selection agent
require tools or fixtures, tool selection and fixture/jig selection agents determine the
appropriate ones to use.

6.3.3 Cooperation Between Agents

6.3.3.1 Assignment of Tasks

The process planning is divided into two major subtasks, assignment of tasks and
implementation of tasks. They are performed by particular task agents. Figure 6.10
shows how the task agent assigns tasks to task implementation agents. There are
four steps:
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Figure 6.10 How the task agent assigns tasks

1. Agents register with the directory facilitator agent, so that other agents can find
the required services provided by the registered agents.

2. The task agent analyses parts and part features and generates subtasks. It sends
requests to the directory facilitator agent inquiring about the abilities of agents.

3. After the directory facilitator agent accepts requests to retrieve information from
the task agent, it checks the registered agents, chooses a qualified agent, and
sends this information to the task agent.

4. The task agent receives the reply from the directory facilitator agent, ensures
the information is what it needs, and awards tasks to the task implementation
agents.

6.3.3.2 Tasks Implementation

After a task is assigned to a suitable agent, the agent implements the task. Fig-
ure 6.11 shows the process of the generation of detailed planning and cooperation
between agents. As can be seen from the figure, there are two different types of
planning, initial planning and detailed planning. Some agents — such as the fix-
ture/jig selection agent, the tool selection agent, the machine selection agent and the
machining method selection agent — need to do initial planning first. When they re-
ceive sufficient information from other agents, they will perform the detailed plan-
ning. Nesting and bending agents can perform detailed planning directly because
they have adequate information from the task agent. The path planning agent per-
forms detailed planning once results have been received from the nesting agent and
machining method selection agent.

In the task implementation process, agents need to cooperate with other related
agents to obtain the necessary information for final decision-making. There are three
phases of operation in terms of timing order.
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Early Phase

When agents located in the resource manager receive assigned tasks and relevant
information, initial planning is first carried out; this involves only agents within the
resource manager, including the machining method selection agent, the machine
selection agent, the tool selection agent and the fixture/jig selection agent. Once
these agents receive tasks, they execute initial planning where a few possible plans
for the assigned tasks are developed. The machining method selection agent gener-
ates a plan detailing the machining operations that can be adopted for the features,
e.g., cutting or punching. This plan is based only on the features information ob-
tained from the task agent. The machine selection agent, tool selection agent and
fixture/jig selection agent operate in a similar manner to the machining method se-
lection agent. They provide alternative cutting, punching and bending machines,
tools and fixtures. The nesting and bending agents do not have to do initial planning
because they receive tasks from the task agent with sufficient information to make
final plans.

Intermediate Phase

The nesting agent sends nesting results to the machining method selection agent
once a nesting task is completed. The machining method selection agent then cal-
culates the final machining methods for each feature based on the nesting layout.
Here, the following question could arise: Why does the nesting agent send nesting
layout results to the machining method selection agent to help it make the final deci-
sion? The answer is because the initial machining methods plan is based only on the
features themselves; it does not consider the final layout of multiple parts. The fi-
nal machining methods are determined by the machining method selection agent by
following defined rules. For example, if there are holes in several parts of one sheet,
the initial machining plan for these holes could be cutting or punching. However, if
the nesting layout is taken into account by the machining method selection agent,
the final machining operation could be just cutting or just punching or an efficient
mix of the methods.

Final Phase

The path planning agent becomes involved only after nesting is completed and ma-
chining methods are selected. The path planning agent then determines an optimal
tool path for the machining methods adopted.

The machining method selection agent informs the machine selection agent of
the machining methods selected. The machine selection agent then chooses suitable
machines. The results of the machining methods and machines selection are then
sent to the tool selection agent. Tools are chosen by the tool selection agent based
on to the machining methods and on machine constraints.

The fixture/jig selection agent receives information from the machine selection
agent and the tool selection agent to enable the selection of fixtures/jigs. It checks
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the available fixtures, taking into account any constraints imposed by machines or
tools requirements. The final fixtures/jigs are then determined.

All the tasks implementation agents report their work status to the graphical user
interface agent after finishing their tasks.

6.4 Conclusion

Currently, agent technology is a hot research topic in the area of artificial intelli-
gence. A multi-agent system is capable of performing complicated tasks through
cooperative multiple agents. It has distinct advantages when dealing with complex
and distributed problems. The process planning of sheet metal parts is such a prob-
lem. This chapter proposes an agent-based process planning system (ABPPS), for
solving the complex issues involved in the development of sheet metal products.
Based on the agent-oriented analysis of the roles involved in sheet metal parts pro-
cess planning, an ABPPS framework is proposed for sheet metal parts. The system
architecture is based on decentralised, collaborative planning agents that attempt
to solve the subproblems decomposed from the traditional hierarchically structured
process planning operations. There are three clusters of agents defined: an unfolding
agent, feature recognition agent and task agent in one cluster; a nesting agent, path
planning agent and bending agent in a second cluster; and a machining method se-
lection agent, machine selection agent, tool selection agent and fixture/jig selection
agent in a third cluster. The cooperation of agents is also discussed in detail. The
main contributions of this chapter include:

1. A prototype ABPPS has been developed.

2. A multi-agent system framework is proposed and the architecture of the system
is discussed. Based on an analysis of task decomposition for process planning
of sheet metal parts, agents and their structures are defined and implemented in
the system.

3. A case study was carried out to demonstrate the feasibility of the ABPPS and its
workings. Three typical agents, a task agent, a nesting agent and a path planning
agent, were defined. The case study proved that the three agents could perform
the basic process planning tasks by interacting with each other.
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Part 111
Product Modelling and Integration



Part III of the book introduces one of the fast growing research topics in product
design and manufacturing — product modelling and integration. With the develop-
ment of STEP, this research area has progressed rapidly in order to achieve seamless
product integration and information sharing. This part introduces our research work
in the development of a generic product modelling framework for modelling cus-
tomised products.

To model OKP products, Chapter 7 proposes a generic product modelling frame-
work (GPMF) that aims to provide an infrastructure for modelling various types of
product information. The outcome of the GPMF is a set of data models that is de-
fined to model product information at different stages of its development processes.
This chapter discusses the structure of the GPMF and its main components.

Chapter 8 investigates the EXPRESS data model (EDM) that is developed based
on the STEP-based modelling environment and the “five-phase” modelling method.
The structure of the EDM will be discussed. The elements of the EDM schemas
and the relationships between these schemas are represented by both EXPRESS
language and EXPRESS-G diagrams.

Chapter 9 further develops the product modelling methods into a GPMF for effi-
cient information exchange and sharing. This framework consists of four functional
components: an EXPRESS data model, namely EDM, a STEP-based modelling en-
vironment, a “five-phase” modelling method, and three EDM data exchange and
sharing methods. The focus of this research is placed on the modelling methodolo-
gies and the definition of schemas for various product development activities such
as manufacturing, inspection, etc., and the integration of the schemas with other
resources defined within STEP. There are a total of 25 schemas defined to ensure
that the proposed GPMF is compatible, and can be used to model various types of
products. These aspects, to the best of our knowledge, are not reported extensively
in the literature.

Chapter 10 targets product management issues and provides a solution to achieve
seamless information integration, which is an important issue in supporting inte-
grated and concurrent product development. This chapter also uses sheet metal as
an example and explores the definition and structure of an information framework.
This framework aims to build an information bridge to fill the gap between the sheet
metal part design, process planning and manufacturing systems. It is based on the
principles of zero thickness and zero bend radius, which are used to abstract the
geometry entities of sheet metal parts in order to facilitate part modelling and infor-
mation modelling. In this chapter, a tree-based step-structure information modelling
methodology for sheet metal parts is proposed and a case study is given.



Chapter 7
Generic Product Modelling Framework

Abstract In response to the rapidly changing manufacturing environment, product
modelling technology has been widely applied to provide the essential information
for supporting product development (PD) processes. The traditional product mod-
elling technologies are unable to support the information exchange and sharing at
the various stages of PD processes that could be taking place among different de-
partments in a company or even among different companies in a distributed manu-
facturing environment. This has caused many problems such as information loss,
data format incompatibility and reduced efficiency and effectiveness of product data
applications. This has consequently created bottlenecks for the integration of PD
processes. This chapter presents a generic product modelling framework (GPMF)
to overcome the problems of information exchange and sharing in today’s manu-
facturing environment. This framework uses the Standard for the Exchange Product
Model Data (STEP) as a foundation. It consists of four functional components: an
EXPRESS Data Model (EDM) for presenting the structure of product data; a STEP-
based modelling environment used to build up the EDM; a “five-phase” modelling
method which is proposed to model the EDM; and three EDM data exchange and
sharing methods which implement the EDM in the modelling product.

7.1 Introduction

The market for manufactured goods has changed dramatically in recent years. The
first change has been a shift from a seller-oriented market to a customer-oriented
market (Xie and Tu 2005). To obtain greater market share, many manufacturing
companies have to satisfy the customer’s demanding requirements by agilely and
rapidly developing new products. Secondly, the manufacturing industry has been
moving towards globalisation (Tu et al. 2003). As more new firms join the industry,
competition becomes more intensive. To survive in this competitive environment,
manufacturing companies must utilise state-of-the-art technologies to improve all
aspects of the product development (PD) process, from product design to manufac-
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turing to recycling. Finally, as products increase in complexity, more areas of expert
knowledge are required. This results in the creation of a culture of cooperation be-
tween manufacturing companies in PD processes.

These changes within the new manufacturing environment are closely related to
PD processes. Due to this, efficiency enhancement of PD processes has become an
issue for manufacturing enterprises. It is essential to find globally optimised con-
current PD processes which can shorten the product life cycle, reduce development
costs and lead time, achieve high quality and productivity, respond quickly and ef-
fectively to customer demand, and bring all the processes together to meet the re-
quirements of the customer-oriented market.

A key for success lies in the method of managing and utilising product informa-
tion and knowledge within the production processes. Product modelling technology
is one of the key and indispensable technologies in the PD process and can be used
to support data exchange and sharing in PD processes. One of the major functions
of product modelling technology is to provide a well-organised information struc-
ture to model product data and information. PD team members can use an informa-
tion model to store, exchange and manipulate product data. At the same time, this
well-structured product data can be used to support further developments of similar
products. For example, a data model of a product can support future PD by making
reusable data and information available. They can be used to improve both prod-
uct innovation and new PD. These benefits place product modelling at the heart of
PD activities. Subsequently, this determines engineering productivity and eventual
industrial competitiveness (Krause et al. 1993, Nambiar er al. 2009).

Product modelling technology does not have a long history. Murphy (1950) was
the first to define the term “model” as a device “which is so related to a physical
system that observations of the model may be used to predict accurately the per-
formance of a physical system in the desired respect”. The concept of modelling
was formed with the development of computer aided technologies. Data, structure,
interface, algorithm, and even an entire system can be modelled. The models are the
abstract specifications of the domain functions that perform certain operations. In
PD processes, a product can be seen as a functional unit with particular materials,
a fixed form and other designated features. The product and its related informa-
tion are naturally regarded as modelling objects. The model developers combine the
modelling concepts to build a product model and use it in its development processes.
In each phase of the PD process, the product model is a prerequisite for represent-
ing the product data, and sharing and exchanging information among different PD
stages.

The explicit description of a product model first appeared with the introduction
of geometric models employed by various computer aided design (CAD) systems.
The primary purpose of the early product models was to represent the product struc-
ture and its two-dimensional (2D) or three-dimensional (3D) shape data. In today’s
concurrent and integrated PD environment, the method of modelling objects has
been expanded to other PD processes. A complete product model consists of useful
data and information of a product all the way through its entire life cycle, e.g., infor-
mation about geometry, structure, function, assembly, materials and product usage.
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The information required by specific PD activities, such as process planning, cost
analysis and simulation, can be obtained from the complete product model.

7.2 Literature Review

Product modelling is a complex process. It involves a wide range of research issues
such as product data standards, modelling resources, language and methods, and the
implementations of product models. In recent years, considerable effort has been
put into the above mentioned issues.

New modelling methodologies have been developed in the last few decades due
to the fact that product modelling has become more and more important. Krause
categorised different product models into five basic types (Krause et al. 1993) and
these five product models correspond with the five basic modelling methodolo-
gies:

structure based product modelling methodology;
geometry based product modelling methodology;
feature based product modelling methodology;
knowledge based product modelling methodology;
integrated product modelling methodology.

Nk e =

Much research work has been carried out using the above product modelling meth-
ods. For example, Yang and Li (1992) used a CSG method to construct machin-
ing form features. This feature-based workpiece model can support the integra-
tion of CAD and computer aided process planning (CAPP). Gu (1992) presented
a five-level product modelling language (PML), which included a form-feature level.
Salustri (1996) presented a formal theory for knowledge-based product model rep-
resentation called Axiomatic Information Model for Design (AIM-D). Song et al.
(1999) developed an integrated product model that was established based on gen-
eralised features. This integrated product model was integrated with an expert sys-
tem for product manufacturability evaluation and a concurrent design controller to
form a real-time concurrent product and processes design system for mechanical
parts.

With the development of STEP, effort has been placed on modelling products
using STEP. Gu and Chan (1995) developed a STEP-based generic product mod-
elling (GPM) system that was designed and implemented according to the generic
resources of STEP. The system can be used to integrate manufacturing activities,
such as process planning and inspection planning, in the concurrent engineering en-
vironment. Li et al. (1996) developed a feature-based parametric product modelling
system, which employed a product model based on the STEP and managed by an
object-oriented database. This system was suitable for application in a computer in-
tegrated manufacturing (CIM) environment. Usher (1996) presented a STEP-based
object-oriented product model based on STEP AP 224. This model was proposed to
support CAPP analysis. Ming et al. (1998) presented a STEP-based part information
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model for process planning purposes. Their model consists of a process planning in-
formation model and a production resource information model. Tang et al. (2001)
presented a STEP-based die and product integrated information model (DPIIM), in
which integrated resources of STEP were used to model six EXPRESS schemas.
These models could support the concurrent development of stamp and die products.
Zha and Du (2002) presented a product data exchange using STEP (PDES)/STEP-
based assembly model for concurrent integrated design and assembly planning. Xu
et al. (2005) presented a comprehensive review of using STEP-NC for the integra-
tion of CAD, CAPP, CAM and CNC. The issues and challenges for the development
of a STEP-NC-compliant process chain are discussed and supported by a product
and manufacturing model.

It can be concluded that the STEP-based modelling method has become the core
of product modelling processes to organise product data in a standardised represen-
tation. This greatly enhances the capability of data exchanging and sharing in the
integrated manufacturing environment.

Conventional product modelling technologies have significantly enhanced the
performance of PD processes. Geometrics models are used to model product geo-
metric information, and can support CAD systems in the exchange and sharing
of product data. However, conventional modelling technologies cannot meet the
requirements of current PD processes due to the new challenges from the ever-
changing manufacturing environment. To the authors’ knowledge, no generic mod-
elling framework has been proposed for efficient information exchange and sharing
among different computer aided systems. The limitations of conventional product
modelling technologies have become the main hurdles for the development of mod-
ern manufacturing systems.

7.2.1 Problems of Integration

Conventional product modelling technologies have normally been used to model
products to support the integration of one or two systems such as a CAD or CAPP
system. They cannot be directly used in the integration of systems that are employed
in other stages of the PD process such as computer aided manufacture (CAM) or
computer aided engineering (CAE). Hence, more work should be carried out to es-
tablish seamless product data exchange and sharing across the entire PD processes
(Tu et al. 2003, Xie and Tu 2005, Xu et al. 2005). For instance, the CAD-based geo-
metric product model does not define all the necessary information for the down-
stream manufacturing processes.

On the other hand, for downstream systems such as CAPP and CAM, there can
be some situations when the geometric information provided by a CAD-based prod-
uct model is converted to product models of CAPP or CAM systems (Lee 1999).
Information loss may result from incompatible formats of product models in dif-
ferent systems. This has become a major problem when attempting to integrate
these systems. The representation format of product data can impede the fluent in-
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formation flow between systems, and can lead to high development costs as a re-
sult of unnecessary costly rework and redesign. Consequently, an inefficient PD
process will influence the competitiveness of the manufacturing company. This
requires developing some new kinds of product modelling methods and techno-
logies.

7.2.2 Problems of Cooperation

Complicated products are usually developed by combining the strengths of sev-
eral manufacturing companies. Data exchange and sharing between these compa-
nies should be very efficient and effective. Most companies structure their prod-
ucts using different modelling methods. Hence, it has become an issue for them
to cooperate with each other in support of the development of a particular prod-
uct. Normally, an extra data conversion process is carried out, but this is very in-
efficient. Conflicts over the model structures may sometimes cause loss of infor-
mation which cannot be converted. Therefore, a non-compatible product model
is a great barrier to effective performance where cooperative effort is required.
A suitable modelling method is required to build up the high compatibility prod-
uct model.

7.3 A Generic Product Modelling Framework

This chapter proposes a generic product modelling framework (GPMF) that at-
tempts to provide an infrastructure for modelling various types of product infor-
mation. The outcome of the GPMF is a set of data models defined to model product
information at different stages of the development processes. This section will dis-
cuss the structure of the GPMF and its main components.

Figure 7.1 shows the structure of the GPMF developed based on STEP. It consists
of four functional components including an EXPRESS data model — EDM, a STEP-
based modelling environment, a ‘five-phase’ modelling method, and three EDM
data exchange and sharing methods.

The EXPRESS data model (EDM) is the core of the modelling framework
GPMF. The EDM defines a complete product data structure and uses the standard-
ised data format. It consists of 11 defined EXPRESS schemas and STEP AP 203.
Each schema utilises either STEP resources or STEP-based compatible resources
defined by our research group to model a particular type of product information.
These schemas are presented in this chapter.

The STEP-based modelling environment is built up for the GPMF. Within the
environment, the modelling language, EXPRESS, and its graphical representa-
tion method, EXPRESS-G, are used to model product structure. STEP generic re-
sources are used to model product information that is defined by STEP, and STEP
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AP 203 is used to model product geometric information. There are also new mod-
elling resources defined for modelling product information that is not covered in
STEP.

The ‘five-phase’ modelling method is proposed to build up the EDM. It defines
a formal approach to logically organise all the tasks of building up the EDM in the
modelling processes.

There are also three EDM data exchange and sharing methods used in the GPMF.
As shown in Figure 7.1, product data can be exchanged and shared through either
exchange files, or working forms, or database management systems. The product
models defined within the GPMF can be exchanged or shared using one of these
methods. The three methods are easily integrated into any application software en-
vironment, which makes it easy to implement the product models defined by the
GPMF in applications. The following sections discuss the details of these compo-
nents used in GPMFE.

Product Data
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Generic Product Modeling Framework

(GPMF) STEP-based modelling
WEiva. " environment
v omessgu e '
- Model (EDM) application Protocol 203

|Phase one: Modularization | |

|
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Generic Resources

|

|
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Figure 7.1 Structure of STEP-based GPMF
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7.3.1 STEP-based Modelling Environment

The main purpose of the framework is to establish a STEP-based modelling environ-
ment, where data exchanges are through a STEP-compliant product data model. EX-
PRESS data modules and modelling methods are used to develop STEP-compliant
data models for the integration of systems such as CAD, CAPP, and CAM. The
following sections detail the methods and resources used to develop such an envi-
ronment.

7.3.1.1 Modelling Language: EXPRESS and EXPRESS-G

EXPRESS modelling language is a data description language. It consists of lan-
guage elements that allow unambiguous data definition and specification of con-
straints on the data defined (ISO 1994b). EXPRESS language is one part of STEP
defined in Part 11 (ISO 1994a). All the resources in STEP including generic re-
sources and APs, are presented as EXPRESS schema. In the GPMF, EXPRESS
modelling language is used to build up the EDM, which represents the structure
of product data. Figure 7.2 shows the main elements of an EDM. The data in the
EDM is represented by one or more SCHEMAs, which “group together the mod-
elling objects with related meaning and purpose” (Kahn et al. 2001). The most im-
portant EXPRESS language element is the ENTITY data type, which defines the
objects of interest in the domain being modelled. The ENTITY is characterised by
its attributes and constraints. The attribute is of three types, including the explicit
attribute, the derived attribute (DERIVE), and the inversed attribute (INVERSE).
The constraints are applied to the specific entity or other data types by using the
WHERE and UNIQUE rules, or are applied in the SCHEMA using the RULE con-
straint. The FUNCTION is defined to support constraint definition. The relation-
ships among entities are defined by schema interfaces including the USE FROM

SCHEMA
| | I | |
constraints: ENTITY TYPE Others
atriote. Simple: REAL, LOGIC,
) 3 INTEGER, BOOLEAN)
Global constaints: STRING, BIN&RY . CONSTANT
RULE Explicit
attribute
Derived B
. atribute Aggregate: ARRAY, SCHEMA
Locol constaints: | | rvereed LIST, BAG, SET. Interface
WHERE, UMIGLE attribute [ REFERENCE |
Constructed:  sELECT, FROM
Super&sub ENUMERATION, User LISE FROM
relationship defined.

Figure 7.2 Main elements of EXPRESS data model
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and the REFERENCE FROM. EXPRESS language also supports various kinds of
data types, including simple types (e.g., INTEGER, STRING, REAL, etc.), aggre-
gation types (e.g., SET, LIST, BAG, and ARRAY), and constructed types (e.g., user
defined types, SELECT and ENUMERATION).

EXPRESS is an object-oriented language and has a mechanism for presenting
the specialisation and generalisation of the entities. It is possible to create a hier-
archy of entity types in which each node in a given path is a specialisation of the
nodes above and a generalisation of the nodes below. There is no restriction on the
number of levels in the super/sub-type hierarchy, thus a very complex object can be
modelled. In such a hierarchy, “the more general objects are called the super-types
of their specializations; the less general objects are called sub-types of their general-
izations”. The sub-type inherits all attributes of the super-type. EXPRESS supports
single and multiple inheritance as well as complex relationships (ONEOF, AND,
ANDOR) between the sub-types of a super-type.

The EXPRESS elements that EXPRESS-G does not support are: FUNCTION
definition, RULE definition, and local constraints definition (WHERE and
UNIQUE). EXPRESS-G is represented by graphic symbols to form a diagram. The
notation has three kinds of symbols (ISO 1994):

1. definition: symbols denoting simple data types, names of data types, constructed
data types, and schema declarations;

2. relationship: symbols describing relationships that exist among the definitions;

3. composition: symbols enabling a diagram to be displayed on more than one

page.

optional_attribute_name

. :
(A): SChema symbo' 777777 .

(I) Optional attribute symbol

entity_name (B): Entity data type
symbol
Supper_entity_name Q Sub_entity_name

(C) Defined data type (J) Super/Subtype symbol

777777777777777777777 symbol
lenumeration_ | | (D) Enumerated data ©  (K) USE FROM symbol, SELECT
[vge o type symbol symbol, attribute symbol
“wooct oo | (E) Selecte data —___o (L)REFERENCE FROM symbol,
—Pe type symbol OPTIONAL attribute symbol

simple_type (F) Simple data TEXT symbols
type symbol

RT (redeclared attribut),
(G) Page reference INV (INVERSE attribute),
page_reference
symbol DER (DERIVE attribute),
allributeinam To_entity_name * (both local and global constraints),
1 (ONEOF supertype constraints),

(H) Attribute symbol & (AND supertype constraint)

Figure 7.3 Symbols and text symbols of EXPRESS-G notations
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Figure 7.4 EXPRESS-G diagrams of circle model

Figure 7.3 shows a summary of EXPRSS-G definition symbols, relationship sym-
bols, and text symbols. They are used to create diagrams to represent product data
structure.

Two EXPRESS-G diagrams, as shown in Figure 7.4, represent an object “cir-
cle”. The symbols of EXPRESS-G notation: entity, attribute, simple data type are
all present in the circle model. Two EXPRESS-G diagrams explicitly represent the
components and the relationships of the modelling objects. The first diagram de-
fines the entity circle. The four attributes and their attribute value type are presented.
However, the detailed definition of two derived attributes perimeter and area cannot
be explicitly represented. The second diagram defines the entity point, which has
two attributes x and y indicating the x axis position and the y axis position using
REAL. The point is utilised by the attribute circle.central_point'. The relationships
between the circle and the point are defined.

7.3.1.2 Generic Resources and STEP AP 203

Generic resources can be directly utilised to define the basic data objects in an
EDM. For example, entities defined in product_definition_schema in STEP Part 41
(ISO 2000) are used to present the product general information in the EDM; STEP
Part 45 (ISO 1998) is used to define the EXPRESS schema that presents the data
structure for material information. The generic resources are defined in STEP. The
use of generic resources enhances the compatibility of the GPMF.

! The circle.central_point means the entity central_point in the schema circle.
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STEP AP 203 (ISO 1994b) is used to model product geometric information in
the EDM. It is employed by different CAD systems as the data model to structure
product geometric data. Thus, the product geometric data module of EDM can be
integrated with CAD systems based on STEP AP 203.

7.3.1.3 New Modelling Resources

STEP has already defined many modelling resources to support product modelling.
However, it is still under development. There are still not sufficient resources defined
to present information of different types in PD processes. Hence, two kinds of new
modelling resources are defined and used in the GPMF to supplement STEP-defined
modelling resources.

One new modelling resource is called the hybrid modelling resource. This is
modified from STEP generic resources. For instance, the document_schema in
Part 41 (ISO 1998) is modified to generate a data model for document informa-
tion. The method_definition_schema and process_property_schema in Part 49 (Lee
1999) are modified to define the data model in the EDM for process information.

There are also new STEP-compatible modelling resources defined by the authors.
These resources are supplements to STEP-defined modelling resources to model
product data which are not covered in STEP. Examples of the schemas of these
resources are discussed in Section 7.3.4.

7.3.2 ‘Five-phase’ Modelling Methodology

A “five-phase” modelling method is proposed for the development of the EDM. This
methodology standardises the modelling of different types of product information.
It is composed of five phases: 1. modularisation; 2. basic modelling objects; 3. re-
lationships and attributes; 4. completion of constraints; and 5. module integration.
The five steps are discussed in the following subsections.

7.3.2.1 Phase One: Modularisation

This phase defines and modularises an EDM. The main tasks include: 1. analysing
the product modelling objective; 2. classifying the product data; 3. modularising the
EDM.

Product modelling objective analysis is very complex and contains large quanti-
ties of different types of data. Modelling these data without analysis and structuring
could result in data loss or repetition. Consequently, the EDM will not be able to
correctly represent a product. Thus, the EDM needs to be modularised according to
the product data classification.
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In the modularisation phase, the EDM is divided into four modules. These in-
clude a product general information module, a product geometric data module,
a product manufacturing data module, and a resources module developed to present
the sharable basic modelling objects extracted from the other modules.

7.3.2.2 Phase Two: Basic Modelling Objects

The principle objective of this phase is to define the basic modelling objects and
the general structure of each EDM module. The phase starts by analysing the struc-
ture of each EDM module. The fundamental elements of that module are identified
then defined as basic modelling objects. A way to structure these basic modelling
objects is then analysed and applied in the EDM. For example, in the product man-
ufacturing data module, the product assembly information is normally defined by
four basic modelling objects including an assembly product object, a product com-
ponent object, a subassembly component object, and an object called connector,
used to represent the connections between the other objects. In this phase, these
objects are named as assembly_product, part, subassembly, and connector, respec-
tively.

7.3.2.3 Phase Three: Relationships and Attributes

This phase refines and enriches the basic modelling objects defined in the second
phase by adding relationships to the defined objects. The following tasks are in-
cluded in this phase: 1. definition of attributes and relationships between entities;
2. enhancement of the defined entities; 3. definition of new entities; and 4. cor-
rectness checking. This phase must be continued until the EDM has reached the
desired level of detail for representing the content of objects and their relationships
with other objects. For example, the basic modelling object part has to be further
specified to have seven attributes: id, name, description, of_assembly, super_item,
level_in_assembly_hierarchy, and connecting_information. Their value types are
defined as identifier, label, text, assembly_product, super_item_type, integer, and
connector, respectively.

7.3.2.4 Phase Four: Completion of Constraints

This phase models the constraints of the EDM. It has the following three tasks:
1. definition of constraints of objects and their relationships; 2. addition of global
constraints to the model; and 3. model error-checking. Constraints modelling is just
as important as objects modelling. The tasks model the objects and their relation-
ships based on requirements. After this phase, a complete EDM module is devel-
oped. For example, one local constraint named WRI1 is defined in the part. This
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constraint specifies the value range of level_in_assembly_hierarchy attribute, which
means that the part must be in the second or under the second level of the assembly
model tree (AMT) (Zha and Du 2002). The error-checking includes grammar errors,
missing information, and conflicts of constraints.

7.3.2.5 Phase Five: Model Integration

Phase five integrates the modules defined in the previous four steps to form an
EDM. The main tasks involved in this phase include checking how data is repre-
sented in each module, checking the inputs and outputs of the four modules, and
checking whether EDM is complete, minimally redundant, unambiguous, and error
free.

7.3.3 EDM Data Exchange and Sharing Methods

The EDM presents the structure information of product data. To support data ex-
changing and sharing, the EDM must be mapped to the product model through
a proper method. Lee (1999) demonstrated three implementation methods for the
information models that are currently used in practice. These three methods were
indicated by Wilson (1990) and Loffredo (1998) as the three implementation meth-
ods for EXPRESS data model, and are: 1. implementation via an exchange file;
2. implementation via a working form; and 3. implementation via a DBMS. In the
GPMEF, these three methods are used as EDM data exchange and sharing methods
to support GPMF implementation in product modelling processes.

7.3.3.1 Level One: Via Exchange File

This level is the least complex EDM data exchange and sharing method. The prod-
uct data can be organised into a product model with exchange file format, which is
a neutral file with a predefined syntax structure or format. The downstream appli-
cations systems can directly read and write this file to exchange and share product
data.

The STEP defines a formal exchange file named STEP Part 21 file in Part 21.
The STEP Part 21 file can represent product data for different applications without
any constraints. Compared with conventional exchange files such as Initial Graphics
Exchange Specification (IGES), which supports exchanging product geometric data
only, the STEP Part 21 file can be applied to model more product data rather than
just geometric product data. The STEP Part 21 file uses the product data structure
defined in the EDM, and in the GPMF it is used as a standard file format for data
exchange and sharing.
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7.3.3.2 Level Two: Via Working Form

This method possesses all the features offerred by level one and also manipulates
data based on the EDM using a working form. The working form is an in-memory
representation of data structure. The exchanging and sharing of product data is car-
ried out using a number of defined working forms. The original data is not moved
around but applied in memory.

STEP defines a standard application programming interface (API) named Stan-
dard Data Access Interface (SDAI) for working form applications. The SDAI
programming language bindings defined in STEP can be used to generate the ap-
plication programs based on the EDM. The application programs can model prod-
uct data and support product data exchange and sharing. A number of working
form implementations have been developed, such as ROSE C++ Library and NIST
SCL (Wilson 1990). In the GPMF, the ROSE C++ Library, which uses the SDAI
C++ binding, is used as the working form to support implementation of this level
method.

7.3.3.3 Level Three: Via DBMS

This level method contains all the features offered by level two and makes prod-
uct data available by using API, which can present data as EDM-defined structures.
The DBMS can support manipulating the product database, including data query,
data update and data retrieval. Different application systems can access the prod-
uct database to read and write product data. These product data are exchanged and
shared within these systems, as shown in Figure 7.5.

The data structure defined in the EDM should be mapped into the product
database. This structure information can support possible DBMS applications to
implement this level method. In the GPMF, a DBMS application prototype system
is developed as a product data management system.
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Figure 7.5 Product data exchange and sharing based on DBMS
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7.3.4 Conclusion and Future Work

This chapter presented a STEP-based generic product modelling framework
(GPMF), to support efficient information exchange and sharing in a distributed
manufacturing environment. The overall structure of the GPMF is presented and
discussed. The focus was placed on the STEP-based modelling environment, the
“five-phase” modelling method, the three EDM data exchange and sharing meth-
ods and the definition of three schemas. By using the methods presented, product
models are easily created for applications involving PD activities. Case studies are
carried out to validate the GPMF. A prototype PDMS is developed to demonstrate
the compatibility of the GPMF and the defined schemas. The following conclusions
are drawn:

1. The GPMF is a STEP-based product modelling framework. The framework is
used to build generic product models in support of efficient information sharing
and exchange for integrated or concurrent PD.

2. The EDM is the core of GPFM. It is developed using a “five-phase” modelling
method. The five modelling phases ensure that all elements of the EDM are ex-
plicitly and precisely defined and modelled. The EDM and its modules include
all the data models defined to reduce data loss.

3. The STEP modelling language EXPRESS and EXPRESS-G are employed to
build up the EDM. This makes the model computer compatible and helps soft-
ware take advantage of the EDM definitions without human transcription.

4. STEP generic resources and AP 203 are used as the basic modelling resources
to build up the EDM. New modelling resources are also defined by the authors
using EXPRESS language. These are compatible with STEP-defined resources
and are supplementary resources for the GPMF to model various types of prod-
uct data. Three schemas are presented as examples to demonstrate how the
GPMF works in practice.

5. Three EDM data exchange and sharing methods are used to support information
exchange and sharing. They are integrated with different application software
tools to simplify the implementation of EDM in applications.

6. GPMF provides a well-established mechanism to support the integration of var-
ious manufacturing systems. However, owing to time limitations, the GPMF has
not been applied in an actual integrated manufacturing environment to support
the integration of CAD, CAPP and CAM. Future work in this area has great
potential and is not limited to the following two areas.

7. The first area for future work is the further development of the prototype PDMS
system. This includes the input/output interfaces for the integration of various
computer aided systems, such as CAD, CAPP and CAM. The system needs to
provide a standard interface to transfer product data in a proper format to the
end user.

8. The second area for future work is the exploration of the possibility of extending
the proposed GPMF to support Web/Internet-based manufacturing. Integrating
web technologies into the modelling framework can improve the information ex-
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changing effectiveness through Internet/intranet. This can enable the proposed
GPMF for the distributed PD environment to support web-based PD activities.
A possible implementation method involves mapping between XML and EX-
PRESS, which is defined in STEP Part 28 (ISO 2003).
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Chapter 8
EXPRESS Data Model

Abstract This chapter presents the EXPRESS Data Model (EDM) that has been
developed based on the STEP-based modelling environment and the “five-phase”
modelling method. The structure of the EDM is discussed and the elements of the
EDM - schemas and the relationships between schemas — are presented using EX-
PRESS language (see Appendix A.3) and EXPRESS-G diagrams.

8.1 Structure of EDM

Figure 8.1 presents the structure of the EDM which consists of four modules. The
product general information module, product geometric data module and product
manufacturing data module are defined and based on the results of classifying prod-
uct data in the first modelling phase as discussed in Section 7.3.1. The resources
module is developed by grouping the shareable basic modelling objects to support
the development of other modules.

The product general information module represents product data that are not
directly related with product manufacturing, such as the product identity, prod-
uct property, and the relationship between products. In this module, the “prod-
uct_definition_schema” is defined to support the modelling of this aspect of the
product data.

The product geometric data module supports the modelling of product geometric
data, such as shape information and dimension information. This module is key
for integrating different computer aided systems, such as CAD/CAPP/CAM. In the
product geometric data module, STEP AP 203 (ISO 1994) is directly utilised to
represent and exchange product 3D geometric information. This chapter will not
discuss how this AP is implemented; detailed information can be obtained from
STEP Part 203 (ISO 1994).

The product manufacturing data module is the core of the proposed EDM, and
consists of nine EXPRESSS schemas to support the modelling of different manu-
facturing data.

S. Xie, Rapid One-of-a-kind Product Development. © Springer 2011 167
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Figure 8.1 Structure of the EDM

» The supplier_informaton_schema is defined to model the supplier information.
The supplier is an essential component of the manufacturing industry. Manufac-
turing companies need information about suppliers and their products to arrange
the manufacturing processes.

» The manufacturing_facility_schema is defined to model the facility information.
The manufacturing facilities, including machines, tools and fixtures are directly
involved in product manufacturing processes. They are the key resources that
determine product manufacturing processes and influence the product quality.

* The product_document_schema is defined for the documentation aspect. Docu-
ments are defined as industry standards and documented criteria that regulate and
guide the manufacture of a product.

» The bill_of _material_information_schemais defined to represent Bill of Material
(BOM) information. The BOM, also called “part list”, is a list of product com-
ponents or resources for manufacturing or assembling the product. The BOM is
used to determine the product cost and as an effective tracking source during the
manufacturing and assembly processes.

» The material_information_schema is defined to represent material information.
The material is the basic element for a product and directly influences the selec-
tion of proper manufacturing facilities and manufacturing processes.

* The process_planning_information_schema is defined to model process data.
The manufacturing process information is the detailed description of actual man-
ufacturing activities. It is essential to consider this aspect of information in the
design stage in order to optimise manufacturing processes.

* The assembly_information_schema is defined for two aspects of product data.
Assembly product is one of the most important types of products. To develop
an assembly product, the components information and the assembly method are
required.
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* The inspection_information_schema is defined to model inspection information.
Inspection processes are essential parts of the PD process used to control product
quality. The inspection results can assist in indicating problems with a product

and its production processes.

* The cost_information_schema is defined for the cost information occurring in
PD processes. Cost is one of the most important items of information for a man-
ufacturing company. Managing cost information can help the firm to increase its

competitive ability.

The resources module defines basic modelling objects that are shared by the other
modules. All these basic modelling objects are grouped into the supporting_schema.
The resources in the supporting_schema are presented as EXPRESS ENTITY, the
constructed TYPE, and FUNTION. Through the EXPRESS schema interface, the
resources in this schema are used by other schemas to structure an effective and

efficient data model representation.
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Figure 8.2 Relationships between data model schemas and modelling resources
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The four modules of the EDM are developed by applying STEP generic resources
including Part 41 (ISO 2000), Part 45 (ISO 1998a), and Part 49 (ISO 1998b), STEP
AP 203 (ISO 1994) as well as the newly defined STEP compatible modelling re-
sources. The relationships among EDM schemas and these resources are presented
in Figure 8.2.

8.2 Product General Information Module

The product general information module has one schema, named product_definition
_schema. This schema is modified from the product_definition_schema in STEP
Part 41 (ISO 2000). It refers to the resources defined in the supporting_schema.
Figure 8.3 shows the structure of this schema.

This schema consists of five entities — product, product_relationship, prod-
uct_category, product_category_relationship, and product_property.
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Figure 8.3 EXPRESS-G diagrams of the product_defintion_schema
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1. Product. The product has five attributes: id, name, description, of_category, and
property_information. The id, name, and description represent the id identifica-
tion, the name information, and the text description information of a product.'
The of_category utilises an instance of product_category to define a product’s
category. The inversed attribute, property_information, utilises a set of prod-
uct_property instances to define all the properties of a product.

2. Product_relationship. The product_relationship represents relationship infor-
mation between two products, such as “innovation version” relationship and
“substitution” relationship. It has five attributes: id, name, description, relat-
ing_product, and related_product. The relating_product defines one instance of
product, which is a part of this relationship. The related_product defines an in-
stance of product as well, which is the other part of the relationship.

3. Product_category. The product_category defines category information about
a kind of product. For example, the instances of product “car”, “bus” and
“truck” belong to the same product_category named ‘“automobile”. The prod-
uct_category has three attributes: id, name, and description.

4. Product_category_relationship. The product_category_relationship hierarchi-
cally relates one product category with another and provides a description of
the relationship. This entity has four attributes: name, description, category,
and sub_category. The category employs an instance of product_category to
define the parent of the sub_category. The sub_category also utilises another
instance of product_cateogory to define the child of the category. For exam-
ple, an instance of product_category called “piping part” is the parent category
of a sub_category such as “cold water pipe”. The product_category_relationship
has a local constraint. A function named acyclic_product_category_relationship,
which is defined in this schema, is applied to ensure there is no repeated value
of category and sub_category.

5. Product_property. The product_property is a self-defined entity. This entity is
a subtype of supporting_information_schema.property_definition.” All the at-
tributes of property_definition are inherited by the product_property. In addi-
tion, the product_property has an individual attribute called of_product which
describes what product this product_property is defined for.

8.3 Product Manufacturing Information Module

The manufacturing information module is defined specifically to model manufac-
turing information in order to reuse the information to support the computer aided
systems in other PD processes. In this module, there are nine schemas and they are
developed by generic resources as well as newly defined resources.

1 According to other entities, attributes id, name, and description present id identification, name
information, and text description, respectively, of that entity.

2 The supporting_information_schema. property_definition means the entity property_definition
that is defined in the supporting_information_schema.
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8.3.1 Supplier Information Schema

The supplier_information_schema is a self-defined schema. This schema refers to
the resources defined in five other schemas: supporting_schema, product_definition_
schema, manufacturing_facility_schema, assembly_information_schema and mate-
rial_information_schema. The structure of the supplier_information_schemais pre-
sented in Figure 8.4.
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There are four entities in the supplier_information_schema: supplier, supplier_
contact, product_supplying, and fee.

1. Supplier. The supplier identifies a supplier and presents its information. This

entity is a subtype of supporting_schema.organisation and inherits all the at-
tributes of the organisation. The supplier has three individual attributes: sup-
plier_type_selection, product_range, and contact_information. The supplier_
type_selection uses the TYPE supplier_type to categorise a supplier. The in-
versed attribute, product_range, presents a set of product instances that the sup-
plier provides. The contact_information utilises an instance of supplier_contact
to denote the information.
The supplier is the super-entity of four other entities: material_supplier, facil-
ity_supplier, part_supplier, and subassembly_supplier. They indicate four par-
ticular kinds of suppliers respectively. Each sub-entity has a constraint to con-
firm that the supplier_type_selection attribute value is matched with the actual
supplier type of these sub-entities.

2. Supplier_contact. The supplier_contact represents the contact information of
a supplier and has two attributes. The contact_person attribute is defined by the
supporting_schema.person. The contact_person_address attribute is defined by
the supporting_schema.address.

3. Product_supplying. The product_supplying represents the information of the
product provided by supplier and has two super-entities: product_definition_
schema.product and material_information_schema.material. It inherits the at-
tributes of either product or material. The product_supplying includes three indi-
vidual attributes: leading_time, product_price, and other_fees. These model the
product leading time, the product selling price, and other expenses respectively.
The leading_time is defined by the supporting_schema.amount_of_day. The
product_unit_price is defined by the supporting_schema.money. The other_fees
is defined as a particular expense by a fee, such as delivery fee, stocking fee.

4. Fee. The fee defines the information about an expense. It has four attributes: id,
name, description, of_product and fee_information. The of_product links the
fee with an instance of product_supplying. The fee_information is defined by
the supporting_schema.money.

The supplier_infomation_schema has a SELECT TYPE named supplier_type. It
presents the type of a supplier as one of the following: manufacturing_facility_
schema.facility, assembly_information_schema.part, assembly_information_sche-
ma.subassembly, or material_information_schema.material.

8.3.2 Manufacturing Facility Schema

The manufacturing_facility_schema is a self-defined schema. The manufacturing_
facility_schema refers to the resources defined in the suppor-ting_schema, the prod-
uct_definition_schema and the product_document_schema. Figure 8.5 shows the
structure of this schema.
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This schema has six entities: facility, facility_property, facility_category, facil-
ity_relationship, substitute_facility, and facility_usage_information.

1. Facility. The facility is the core of the manufacturing_facility_schema, and con-
tains the information of an instance of facility utilised in the manufacturing pro-
cess. It has seven attributes: id, name, description, facility_type, facility_source,
supplier, and related_documents. The facility_type is defined by the facil-
ity_category. The facility_source is defined by TYPE supporting_schema.source.
The supplier is defined by the supplier_information_schema.facility_supplier.
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The related_documents is defined by a set of instances of product_document_
schema.facility_document.

Facility_property. The facility_property presents one characteristic of a fa-
cility instance, for example “hardness” is a facility_property of an instance
facility named “cutter”. The facility_property is the sub-entity of support-
ing_schema.property_definition, and inherits all attributes of the super-entity.
In addition, the facility_property has one individual attribute named of_facility
to link an instance facility with an instance of facility_property.
Facility_category. The facility_category defines information about different cat-
egories of facilities, such as “milling machine category”, “drilling machine
category”, efc. It has three attributes: id, name, and category_definition. The
category_definition is the text definition description about an instance of facil-
ity_cateogory.

Facility_relationship. The facility_relationship is used to support an association
or relationship between two different instances of facility. It has five attributes:
id, name, description, relating_facility and related_facility. The related_facility
consists of an instance of facility, which is related with another facility instances
stored in the relating_facility. The relationship between these two instances is
presented by the facility_relationship.

Substitute_facility. The substitute_facility is used to provide information to sup-
port substitution or replacement of an original facility within the manufacturing
processes. It is the sub-entity of facility and inherits all attributes of its super-
entity. The substitute_facility has two individual attributes, of_facility and re-
quirements. The of_facility associates an instance of substitute_facility with an
instance facility, this means the two instances are able to replace each other. The
requirements use text descriptions to present the constraints for carrying out this
replacement.

Facility_usage_information. The facility_usage_information collects and pres-
ents information about how a facility instance can be implemented in an actual
manufacturing process. This entity has five attributes: of_facility, for_product,
related_facilities, usage_description, and substitution_information. The of_fa-
cility links an instance of facility_usage_information to an instance of facility.
The for_product defines what product_definition_schema.product the facility
instances are used for. The related_facilities defines one or more instances of
facility employed to manufacture the product defined in the for_product. The
usage_description uses text to describe the utilisation details of this facility. The
substitute_information uses a set of instances of substitute_facility to present
the replacement information.

8.3.3 Product Document Schema

The product_document_schema defines the standards or documents used in the
PD processes. The document_schema in STEP Part 41 (ISO 2000) is used to de-
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velop this schema. The product_document_schema refers to the resources defined
in the supporting_schema, the supplier_information_schema, and the manufactu-
ring_facility_schema. Figure 8.6 shows the structure of this schema.
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There are twelve entities defined in the product_document_schema. The docu-
ment, document_relationship, document_type, document_representation_type, doc-
ument_product_association, and document_usage_constraint are defined by utilis-
ing the document_schema in STEP Part 41 (ISO 2000). The facility_document,
inspection_standard, material_document, bom_document, manufacturing_process_
document, and manufacturing_process_action_document are sub-entities of docu-
ment and are used for modelling six specific kinds of documents.

8.3.4 Bill of Material Information Schema

The bill_of material_information_schema is a self-defined schema to model the
BOM information. It refers to the resources in the supporting_schema, the assem-
bly_information_schema, the product_definition_schema, the material_information
_schema, and the supplier_information_schema. Figure 8.7 shows the structure of
this schema.

There are four entities in the bill_of material_information_schema: bom_item,
bill_of_meterail_list, external_ording_information, and internal_ordering_infor-
mation.

1. Bom_item. The bom_item defines the information of one element listed on the
BOM, this can be an individual part, a subassembly component, or a kind of ma-
terial used for the product. The bom_item has eight attributes: id, name descrip-
tion, of_bom_list, quantity, item_type, item_source, and item_ordering_infor-
mation. The of bom_list links an instance of bom_item to an instance of
bill_of_material_list. The quantity defines how many of these instances of
bom_item are needed in the manufacturing processes. The item_type utilises the
SELECT TYPE bom_item_type to define whether the bom_item is an instance
of assembly_information_schema.part, an instance of assembly_information_
schema.subassembly, or an instance of material_information_schema.material.
The item_source utilises the supporting_schema.source to identify whether the
bom_item is purchased, self-made or unknown. The derived attribute, item_
ordering_information, calls the function order_type_selection to provide the or-
der information based on the order type of bom_item. If the value of item_source
is “bought”, the item_ordeing_information value is defined by the external_
ordering_information. If the value of item_source is “made”, the item_ordering_
information value is defined by the internal_ordering_information. Otherwise,
the value is defined by the supporting_schema.unknown.

2. Bill_of _meterial_list. The bill_of_material_list is the representation of a BOM.
It has three attributes: id, of_product and bom_list. The of_product indicates
what product this instance of bill_of_material_list is used for. The inversed at-
tribute bom_list lists all the instances of bom_item in this BOM.

3. External_ordering_information. The external_ordering_information presents
the information of an external order. It has six attributes: id, supplier_identifier,
order_product, order_quantity, person_in_charge, and delivery_time. The sup-
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plier_identifier uses supplier_information_schema.supplier to represent the sup-
plier information about this order. The ordered_product defines what bom_item
is associated with this external order. The ordered_quantity represents the
how many ordered_product are needed in this order. The person_in_charge
uses a set of instances of supporting_schema.person to define the people who
are in charge of this order. The delivery_time is defined by supporting_sche-
ma.amount_of_day.

4. Internal_ordering_information. The internal_ordering_information defines the
information of an internal order. Its five attributes, id, order_product ordered_
quantity, person in charge, and delivery_time are defined in the same way as
they are applied in the external_ordering_information.

There are also two SELECT TYPE:s in this schema: bom_item_type and order_type.
The bom_item_type defines the type of an instance bom_item. The order_type de-
fines the type of an instance order as either an external order, an internal order, or
an unknown. The function order_type_selection defines the way the type of order is
analysed.

8.3.5 Material Information Schema

The material_information_schema presents the material information. It refers to the
resources defined in the supporting_schema, the supplier_information_schema, and
the manufacturing_facility_schema. STEP Part 45 (ISO 1998a) is used to define the
definitions in this schema. The structure of this schema is shown in Figure 8.8.
There are four entities in the material_information_schema: material, material_
fabrication_information, material_property and substitute_material.

1. Material. The material presents information related to a kind of material. It
has seven attributes: id, name, description, supplier, characteristics, substitu-
tion_select, and fabrication_information. The supplier uses supplier_informa-
tion_schema.material_supplier to indicate information of a set of material
suppliers. The inversed attribute, characteristics, presents one or more specific
material characters defined in the instances of material_property. The inversed
attribute, fabrication_information, collects information about how this kind of
material is manufactured, and represents it by using the material_fabrication_
information.

2. Material_fabrication_information. The material_fabrication_information de-
scribes how an instance of material is fabricated. It has three attributes: of _ma-
terial, relating_manufacturing_facility, and fabrication_requirements. The of_
material associates the material fabrication_information with an instance of
material. The relating_manufacturing_facility presents a set of instances of
manufacturing_facility_schema.facility to fabricate the material defined in the
of_material. The fabrication_requirements utilises a set of texts to describe the
requirements of the material’s fabrication process.
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Figure 8.8 EXPRESS-G diagrams of the material_information_schema

3. Material_property. The material_property defines a characteristic of a material.
It is the sub-entity of supporting_schema.property_definition and it inherits all
attributes of the super-entity. The material_property has an individual attribute
of_material, which links the material_property to an instance of material.

4. Substitute_material. The substitute_material is a sub-type of the material and
inherits all attributes of the super-entity. The substitute_material links to an in-
stance material through its individual attribute of _material.

8.3.6 Assembly Information Schema

The assembly_information_schema defines the information of the assembly prod-
ucts and the assembling processes. An assembly product can be constructed and
based on a hierarchical assembly model tree (AMT) presented in Figure 8.9. The
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root of AMT is the assembly product and has three nodes including part compo-
nent, subassembly component and connector that are in hierarchy level one. The
“part” component is the individual component in the AMT and there are no sub-
components under it. The “subassembly” component, which has the same structure
as the assembly product, has its own “part” components, “subassembly” compo-
nents and “connector” components. The “connector” component is the assembling
information shared among different components. The AMT will stop when there are
only “part” components and “connector”’ components left.

The assembly_information_schema presents the information of an assembly
product by mapping the structure of AMT. It refers to the resources defined in the
supporting_schema, and the product_definition_schema. Figure 8.10 shows how the
assembly_information_schema represents the AMT structure and models assembly
products.

There are five entities in the assembly_information_schema: assembly_product,
part, subassembly, connector and connecting_method.

1. Assembly_product. The assembly_product defines the assembly product infor-

mation. It is the sub-entity of product_definition_schema.product. The assem-
bly_product has three individual attributes: sub_parts, sub_assemblies, and con-
nection_information. The inversed attribute sub_parts, applies a set of instances
of part to define all the individual “part” components. The inversed attribute
sub_assemblies utilises a set of instances of sub_assembly to define all the “as-
sembling” components. The inversed attribute connection_information, utilises
a set of instances of connector to present the connection information among
“parts” and “subassemblies”.
The assembly_product possesses three local constraints that define the values of
level_in_the_assembling_hierarchy attributes of all the instances of part, sub-
assembly, and connector that the assembly_product consists of, which means
they all exist in the second level of the AMT.
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2. Part. The part defines an individual component named “part” in the AMT. It has
six attributes: id, name, description, of_assembly, super_item, level_in_assemb-
ling_hierachy, and connection_information. The of_assembly is utilised to link
the part with an instance of assembly_product. The super_item utilises a SE-
LECT TYPE super_item_type to define the upper level component of the part.
The level_in_assembling_hierarchy defines the hierarchical position of the part
in the AMT. The inversed attribute part_relating_connector utilises a set of in-
stances of connector to present all the connection information related to the part.
The part has one local constraint which defines the value of attribute level_in_the
assembling_hierarchy as greater than or equal to two.

3. Subassembly. The subassembly defines the “subassembly” component in the

AMT, which consists of its own sub-components. The subassembly has a total
of nine attributes. The attributes id, name, description, of_assembly, super_item
and level_in_the_assembling_hierarchy, have similar functions as they have in
part. The inversed attribute sub_parts defines a set of instances of part within the
subassembly. The inversed attribute sub_subassembly defines the “subassem-
bly” components within the subassembly. The connection_information defines
information on how an instance of subassembly can be constructed using the
connector.
The subassembly entity has five constraints. The constraint “WR1” defines that
the subassembly must contain either “part” components or “sub-subassembly”
components. The constraint “WR2” defines the value of level_in_assembling_
hierarchy of subassembly as greater than or equal to two. The other three con-
straints define that the attribute level_in_assembling_hierarchy of “parts”, “sub-
subassemblies” and “connectors” must have the same values, which equals the
value of the subassembly.level_in_assembling_hierarchy? plus one.

4. Connector. The connector defines information about the connection between
part and part, subassembly and subassembly, or part and subassembly.

There are eight attributes of connector: id, name, description, of_super_item,
connecting_method_used, level_in_assembling_hierarchy, relating_parts, and
relating_subassemblies. The of_super_item utilises SELECT TYPE super_item
_type to define what component the connector is used to construct. The connect-
ing_method_used utilises an instance of connecting_method to define the con-
necting methodology. The level_in_assembly_hierarchy indicates the level in-
formation related to where this entity connector belongs in the assembly model
tree. The relating_parts and relating_subassemblies define the “parts” and “sub-
assemblies” components that are associated by this connector.

The connector has three constraints. The constraints “WR1” and “WR2” de-
fine the connector and all components related to it to have the same values
of level_in_assembling_hierarchy. The constraint “WR3” defines the value of
level_in_assembling_hierarchy of connector as greater than or equal to two.

3 The subassembly.level_in_assembling_hierarchy means the level_in_assembling_hierarchy at-
tribute of the subassembly.
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5. Connecting_method. The connecting_method defines information about a par-
ticular method for assembling different components of an assembly product,
such as gluing method, and welding method. This entity has three attributes:
name, description, and constraint. The constraint describes what requirements
are needed to apply this connecting_method to connect assembly compo-
nents.

The assembly_information_schema has one SELECT TYPE, named super_item
_type, which defines the super-level component as either an assembly_product or
a subassembly.

8.3.7 Process Planning Schema

The process_planning_schema defines the manufacturing process information of
a product. The resources of this schema is defined by using the definition of
STEP part 49 (ISO 1998b) and the action_schema in STEP Part 41 (ISO 2000). It
also refers to the resources defined in supporting_schema and product_document_
schema. Figure 8.11 shows the structure of this schema.

There are fifteen entities defined in the schema. The action, action_method, ac-
tion_method_relationship, action_relationship, versioned_action_request, and ac-
tion_resources are modified from the action_schema defined in STEP Part 41 (ISO
2000). Others, which are defined based on STEP Part 49 (ISO 1998b), are presented
as follows:

1. Manufacturing_process_action. The manufacturing_process_action defines in-

formation of one step in the manufacturing process. It is the sub-entity of action
and inherits all attributes of its super-entity. The manufacturing_process_action
is the super-entity of surface_finish.
The manufacturing_process_action has seven individual attributes. The type_of
_process defines the type of the manufacturing process by using TYPE pro-
cess_method. The desired_result utilises the versioned_action_request to present
the desired output of the manufacturing_process_action. The manufacturing_
process_action_property collects a set of instances of action_propertyies to
present the characteristics of the manufacturing_process_action. The manufac-
turing_process_action_time defines the work time of the manufacturing_process
_action. The manufacturing_process_action_resources refers to the action_re-
sources to define a set of necessary resources which supports the implemen-
tation of this manufacturing_process_action. The documents utilises the prod-
uct_document_schema.document to define related documents. The relating_
manufacturing_feature utilises the manufacturing_feature to indicate what man-
ufacturing feature is worked on by this manufacturing_process_action.

2. Manufacturing_process. The manufacturing_process defines information to sup-
port planning of an entire manufacturing process. It has two attributes. The pro-
cess_action_list attribute lists all the instances of the manufacturing_process_
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10.

11.

action according to their sequences in the manufacturing process. The pro-
cess_cycle_

time attribute presents the cycle time of a complete manufacturing process by
using the cycle_time.

. Surface_finish. The surface_finish defines information of the surface finish-

ing action in the manufacturing process. It is the sub-entity of manufactur-
ing_process_action and inherits all attributes of its super-entity.

The surface_finish has one individual attribute: tolerance_requirement. This at-
tribute uses the tolerance to define a set of tolerance information required for the
surface_finish.

. Manufacturing_feature. The manufacturing_feature presents information about

a manufacturing feature. It has four attributes: id, name, description and manu-
facturing_method. The manufacturing_method uses the action_method to define
the manufacturing method utilised for the manufacturing_feature.

. Tolerance. The tolerance presents tolerance information. It has seven attributes:

id, name, description, type_select, tolerance_value, tolerance_value_
unit, and reference_description. The type_select presents the type information
about an instance of tolerance. It is one of the elements in ENUMERATION
TYPE tolerance_type.

. Action_property. The action_property is the description of the behavior, capa-

bilities, or performance measures that are pertinent to a process, an action or
a potential action that affects a process; it has three attributes. The definition
attribute characterises the property as one value of SELECT TYPE charac-
terised_action_definition.

. Cycle_time. The cycle_time defines the manufacturing process cycle time. It has

five attributes: id, name, description, cycle_time_amount and unit.

. Sequential_action_method. The sequential_action_method presents informa-

tion about the sequential manufacturing method. It is the sub-entity of ac-
tion_method and inherits all attributes of its super-entity. The individual at-
tribute, sequential_number, indicates the sequence information of an action.

. Concurrent_action_method. The concurrent_action_method presents a concur-

rent manufacturing processing approach. It is the sub-entity of action_method
and inherits all attributes of its super-entity.

Three SELECT TYPEs are defined, these are tolerance_type, process_method,
and characterized_action_definition.

Tolerance_type. The SELECT TYPE tolerance_type defines the type of a toler-
ance, which includes the straightness, flatness, circularity, cylindricity, profile of
a line, profile of a surface, all around profile, angularity, perpendicularity, paral-
lelism, position, concentricity or coaxiality, symmetry, circular runout, and total
runout.

Process_method. The SELECT type process_method defines two kinds of man-
ufacturing methods: sequential process method and concurrent process method,
which are defined by the sequential_action_method and the concurrent_action_
method respectively.
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12. Characterised_action_definition. The SELECT type characterized_action_def-
inition identifies either an action, action_method, action_method_relationship,
or action_relationship.

8.3.8 Inspection Information Schema

The inspection_information_schemais a self-defined schema which presents the in-
spection information in the PD process. The inspection_information_schema refers
to resources defined in the supporting_schema, the product_definition_schema, and
the product_document_schema. The structure of this schema is shown in Fig-
ure 8.12.

This schema defines four entities: product_inspection, inspection_test, inspec-
tion_pass_requirement and result_value.
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Figure 8.12 EXPRESS-G diagrams of the inspection_information_schema
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1. Product_inspections. The product_inspections presents information about all

the inspections of a product. It has two attributes: of_product and inspec-
tions_list. The of_product defines to product_definition.product that the prod-
uct_inspections belong to. The inspections_list collects a set of instances of in-
spection_test to present all the inspections.
The product_inspections has one constraint WR1 to define that each instance of
the inspection_test listed in inspection_list has the same values as test_product.
This means they have the values as product_inspections.of_product.

2. Inspection_test. The inspection_test presents information of one inspection test.

It has seven attributes: id, name, description, frame_of_reference, test_product, in-
spection_pass_requirements, and inspection_test_result. The test_product identifies
what product has been inspected. The inversed attribute inspection_pass_require-
ments presents all the criteria needed to pass the inspection_test. The inspec-
tion_pass_requirements is defined by a set of instances of inspection_pass_require-
ment. The inversed attribute inspection_test_result presents the result of an instance
of inspection_test, which utilises the result_value to define the attribute.

1. Result_value. The result_value presents both the overall and the detailed inspec-
tion test results. It has four attributes. The of_inspection attribute uses the in-
spection_test to indicate which inspection has this test result. The value_amount
attribute and text_description attribute present the numerical result and the text
description of the test result. The test_result attribute presents the overall inspec-
tion results as to whether the product passes or fails the inspection.

2. Inspection_pass_requirement. The inspection_pass_requirement defines a spe-
cific inspection requirement. It has four attributes: name, description, of_inspec-
tion, and frame_of_reference. The of_inspection defines which inspection_test
the inspection_pass_requirement works for. The frame_of_reference presents
a set of instances of product_document_schema.inspection_standard, which
outlines the related documents required by inspection_pass_requirement.

There are also three constructed TYPEs, fail, pass, and result, included in the
schema.

8.3.9 Cost Information Schema

The cost_information_schema s a self-defined schema presenting the cost informa-
tion within the PD processes. Both the individual cost information and the overall
cost information of the PD process are involved in this schema. The different costs
are classified into two categories: fixed cost and variable cost. The fixed costs are
independent of the rate of production of goods (Dieter 2000). For example, the de-
preciation on capital investment, research and development cost, efc. The variable
costs change with the production rate (Dieter 2000). For example, the direct labour
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cost, materials cost, etc. The variable cost can be calculated as:
Variable Cost = Cost Rate * Quantity (8.1)

This schema refers to the resources defined in supporting_schema and pro-duct_
definition_schema. Figure 8.13 shows the structure of the cost_information_sche-
ma. Seven entities included in this schema are as follows:

1. Cost. The cost defines the generic description of the cost information. It has
three attributes: id, name, and description, and is the super-entity of fixed_cost
and variable_cost.

2. Fixed_cost. The fixed_cost presents the information of a fixed cost for devel-
oping the product. It is the sub-entity of cost and inherits all attributes of its
super-entity. It has three individual attributes. The cost_type attribute defines the
type information of an instance of entity fixed_cost. The value of this attribute
is a kind of fixed cost defined in ENUMERATION TYPE fixed_cost_type. The
cost_amount attribute presents the amount of a fixed_cost. This attribute value
is defined by an instance of supporting_schema.money. This attribute links the
fixed_cost to an instance of fixed_cost_association.

3. Fixed_cost_association. The fixed_cost_association collects all the fixed_cost

information inccurred when developing a product. This entity provides infor-
mation to support the management of the overall fixed cost.
The fixed_cost_association has three attributes. The of_product attribute defines
what product_definition_schema.product these instances of fixed_cost belong
to. The inversed attribute cost_association groups all instances of fixed_cost of
a product. The sum represents the subtotal of these costs.

4. Variable_cost. The variable_cost presents information of a variable cost during

product development. It is a sub-entity of the cost and inherits all attributes of
its super-entity.
The variable_cost has five individual attributes: belonging, rate, quantity, cost_
amount_unit, and cost_amount. The belonging links the variable_cost to an in-
stance of variable cost_association. The rate utilises the variable cost_rate to
define the parameter “cost rate” in Equation 8.1, while the quantity defines the
parameter “quantity”. The derived attribute cost_amount utilises Formula 8.1 to
calculate the variable cost amount.

5. Variable_cost _association. The variable_cost_association collects all the vari-
able_cost information for developing a particular product. It provides informa-
tion to support the management of the overall variable cost in the PD process.
It has three attributes: of_product, sum, and association. The inversed attribute
association lists all the instances of variable_cost of a product. The of_product
utilises the product_definition_schema.product to define what product these in-
stances of variable_cost belong to. The sum represents the subtotal amount of
the variable_cost instances defined in entity association.

6. Variable_cost_rate. The variable_cost_rate is the unit cost of an instance of vari-
able_cost. It has four attributes: id, name, rate and unit.
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7. Sum_of_cost. The sum_of_cost adds all fixed and variable costs to obtain
the total cost amount of a product. It has two attributes. The of_product at-
tribute presents what product the instance sum_of_cost is for. The derived
attribute sum_cost adds the values of fixed_cost_association.sum and vari-
able_cost_association.sum to get the total cost amount. The two local constraints
WR1 AND WR2 guarantee that all costs in the sum calculation process belong
to the same product.

There are two ENUMERATION TYPEs defined in the schema: fixed_cost_type and
variable_cost_type.

1. Fixed_cost_type. The ENUMERATION TYPE fixed_cost_type defines sixteen
types of fixed costs: depreciation on capital investment, interest on capital in-
vestment and inventory, property taxes, insurance, technical service, product de-
sign and development, non-technical service, general supplies, rental of equip-
ment, share of corporate executive staff, legal staff, share of corporate research
and development staff, market staff, sales force, delivery and warehouse, and
technical service staff (Dieter 2000).

2. Variable_cost_type. The ENUMERATION TYPE variable_cost_type defines
eight types of variable costs including material, direct label, maintenance costs,
power and utilities, quality control staff, royalty payment, packaging and storage
costs, and scrap loss and spoilage (Dieter, 2000).

8.4 Resources Module

The resources module includes the schema supporting_schema. The supporting_
schema describes the EXPRESS declarations shared and used by other schemas.
This schema consists of STEP integrated resources and self-defined resources.

The resources, which are referred from generic resources, include:

1. Support_resource_schema (ISO 2000). TYPE identifier, TYPE label, TYPE
text, and FUNCTION bag_to_set.

2. Person_organisation_schema (ISO 2000): ENTITY address, ENTITY organi-
sation, and ENTITY person.

Other resources are all self-defined resources including: TYPE amount_of_day
and amount_of_hour; ENTITY money, unknown, and property_definition. The
property_definition is modified from entity property_definition in product_proper-
ty_definition_schema of STEP Part 41 (ISO 2000). It defines the information re-
quired to present a property.

8.5 Conclusion

This chapter discusses the proposed EDM in detail. The EDM is divided into four
modules. The 11 schemas defined by modelling resources and STEP AP 203 are
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involved in these four modules. The relationship between the EDM and the STEP
modelling environment is investigated. The EDM contains a large variety of product
information and includes not only product geometric data and general information,
but also important manufacturing information, such as assembly information, man-
ufacturing process information, inspection information, cost information, efc. The
EDM provides a mechanism to structure product data systematically and to support
product data exchange and sharing.
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Chapter 9

Generic Product Modelling Framework:
Case Study

Abstract The focus of this chapter is placed on the modelling methodologies and
the definition of schemas for various activities in a rapid OKP development pro-
cess such as manufacturing, inspection, etc., and the integration of the schemas with
other resources defined within STEP. There are 25 schemas defined to ensure that the
proposed generic product modelling framework (GPMF) in Chapter 8 is compatible
and can be used in modelling various types of products. These aspects, to the best
of our knowledge, have not been reported extensively in the literature. The structure
of the framework is discussed in this chapter with the focus placed on the EDM
as the core of the framework. Case studies are carried out to validate the proposed
GPMFE. Two products are chosen from different engineering disciplines. They are
modelled into product models according to the GPMF. Each case utilises one of the
EDM data exchange and sharing methods and its corresponding software environ-
ment to obtain the product models, which are presented as STEP Part 21 exchange
files, STEP objects, and a database object. A prototype system called Product Data
Management System (PDMS) is developed to test the GPMF. The case studies show
that the product models built based on the GPMF are capable of integrating informa-
tion in product design, manufacturing and assembly, and the GPMF is compatible,
comprehensive, and flexible.

9.1 Introduction

The market for manufactured goods has become more and more competitive in re-
cent years. To survive and thrive in this competitive environment, manufacturing
companies must use state-of-the-art technologies to improve all aspects of the PD
process. It is essential to find globally optimised PD processes that can shorten prod-
uct life cycle, reduce cost and lead time, and achieve high quality and productivity.
This requires product data, information and knowledge to be efficiently managed
and used throughout a product life cycle. Product modelling technology is one of
the key and indispensable technologies for supporting efficient data exchange and
sharing in PD processes.

S. Xie, Rapid One-of-a-kind Product Development. © Springer 2011 195
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Product modelling technology is used to provide a well-organised information
structure to model product data and information. PD team members can use an in-
formation model to store, exchange and manipulate product data, which can be used
to support the development of similar products. It can also be used to improve both
product innovation and new PD, as well as cut down on unnecessary rework. Subse-
quently, this determines engineering productivity and eventual industrial competi-
tiveness (Krause et al. 1993, Ai et al. 2010). The potential benefits of the technology
have led to much research effort in this area.

Product modelling technology does not have a long history. Murphy (1950) was
the first to define the term “model” as a device, “which is so related to a physical
system that observations of the model may be used to predict accurately the per-
formance of a physical system in the desired respect”. The concept of modelling
was formed with the development of computer aided technologies. Data, structures,
interfaces, algorithms, and even the entire system can be modelled. The models
are the abstract specifications of the domain functions that perform certain opera-
tions. In PD processes, a product can be seen as a functional unit with particular
materials, a fixed form and other designated features. The product and its related
information are naturally regarded as the modelling objects. The model developers
combine the modelling concepts to build a product model and use it in its PD pro-
cesses. In each phase of the PD processes, the product model is a prerequisite for
representing product data, and sharing and exchanging information among different
PD stages.

The explicit description of a product model first appeared with the introduction of
geometric models employed by various CAD systems. The primary purpose of the
early product models was to represent the product structure and its two-dimensional
(2D) or three-dimensional (3D) shape data. In today’s concurrent and integrated
PD environment, the method of modelling objects has been expanded to other PD
processes. A complete product model consists of useful data and information of
a product all the way through its life cycle, e.g., information about geometry, struc-
ture, function, assembly, materials and product usage. The information, required by
specific PD activities, such as process planning, cost analysis and simulation, can
be obtained from the complete product model.

The conventional product modelling technologies have significantly enhanced
the performance of PD processes. Geometric models are used to model product ge-
ometric information and can support CAD systems to exchange and share product
data. However, the conventional modelling technologies cannot meet the require-
ments of current PD processes due to the new challenges from the ever-changing
manufacturing environment. The limitations of conventional product modelling
technologies have become the main barriers to the development of modern man-
ufacturing systems.

This is very inefficient. Sometimes, conflicts over model structures may cause
loss of information which cannot be converted. Therefore, a non-compatible prod-
uct model is a great barrier to effective performance where cooperative effort is
required. A suitable modelling method is required to build up the high compatibility
product model.
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9.2 Literature Review

STEP is currently considered a promising product modelling resource since it can
provide a standardised mechanism for product model data representation and ex-
change. A complete review was presented in Chapter 3. In this section, the effort
and research outcomes of applying STEP in product modelling are investigated.

There are some publications on STEP-based product modelling. Gu and Chan
(1995) developed a STEP-based generic product modelling (GPM) system designed
and implemented according to the generic resources of STEP. The system can there-
fore be used to integrate manufacturing activities, such as process planning and in-
spection planning in the concurrent engineering environment. They used an object-
oriented approach for building product models to support product design. The focus
was placed on the definition of classes and the design of user interfaces with CAD
software tools. There were no discussions on the definitions of schemas and on mod-
elling methodologies. Li et al. (1996) developed a feature-based parametric product
modelling system, which employed a product model based on the STEP and man-
aged by an object-oriented database. This system was suitable for application in
a CIM environment. Usher (1996) presented a STEP-based object-oriented product
model based on STEP AP 224. This model was proposed to support CAPP analy-
sis. Ming et al. (1998) presented a STEP-based part information model for process
planning purposes. Their models included a process planning information model
and a production resource information model. Tang et al. (2001) presented a STEP-
based die and product integrated information model (DPIIM), in which integrated
resources of STEP were used to model six EXPRESS schemas. These models sup-
ported the concurrent development of stamp and die products. Zha and Du (2002)
presented a product data exchange using a STEP (PDES)/STEP-based assembly
model for concurrent integrated design and assembly planning.

It can be concluded that the STEP-based modelling method has become the core
of product modelling processes to organise product data in a standardised represen-
tation, which greatly enhances the capability of data exchanging and sharing in the
integrated manufacturing environment.

To use the modelling resources defined in STEP, various modelling methods are
integrated with STEP to form an integrated product modelling environment.

9.2.1 Geometry-based Modelling Methods

APs are used to build up information models for the integration of STEP with
different geometric modelling methods, such as AP204 (ISO 2002) and AP203
(ISO 1994). AP 203 integrates five types of shape representation methods “that in-
clude wireframe and surface without topology, wireframe geometry with topology,
manifold surfaces with topology, faceted boundary representation, and boundary
representation” (ISO 1994) to support configuration controlled 3D design of me-
chanical parts and assemblies.
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Shaharoun et al. (1998) utilised STEP to describe geometric data of a particular
plastic product. The geometrical descriptions of the product were transferred into
a CAD system to assist the design and machining of a suitable mould for the plastic
product. Cai et al. (2002) proposed a method to build self-defined APs for all kinds
of machine parts based on STEP. They implemented this method to develop two
APs to represent the geometric data model in a cone gear product for the final drive
of an automobile driving axle system.

9.2.2 Feature-based Modelling Methods

For feature-based product modelling, STEP provides a suitable representation
method for many different features. For instance, AP224 (ISO 2005) illustrates the
mechanical product definition of process plans using Machining Feature; AP203
(ISO 1994) is used to represent Form Feature. Other APs,, such as AP214 (ISO 2001)
and AP118 (ISO 2004), also contain STEP expressions for specific features in par-
ticular application areas. The entity defined in STEP can be directly used to repre-
sent the target features. Some self-defined features, such as special assembly struc-
tures, machining and technique information for particular products, can be struc-
tured using EXPRESS modelling language and integrated resources. Both STEP-
defined features and self-defined features can optimise the data exchange and shar-
ing capability of the feature-based product modelling method.

Shah and Mathew (1991) integrated STEP and PDES’s form feature information
model (FFIM) on the ASU Features Testbed. This PDES/STEP-based modelling
method can be useful for the static exchange of geometric and topological data.
Meng et al. (1997) presented a STEP-based feature modelling system, which was
based on a user-defined AP development based on AP214. Zhao and Ma (1999)
described an object-oriented feature-based aero-engine blade product modelling
system. In this modelling system, the design platform used STEP to standardise
data modelling and to support information transmission from design platform to
analysing system.

9.2.3 Integrated Modelling Methods

There has been much research combining STEP-based product modelling methods
with integrated modelling methods. For example, Chin et al. (2002) proposed a mul-
tiple view methodology for integrated product modelling based on STEP. Song et al.
(1999) used a STEP-based integrated product model to support the proposed Design
for Manufacturing (DFM) system. The aim was to extract the design information of
parts from a CAD system to automatically evaluate the manufacturability of those
parts. Jasnoch and Haas (1996) developed a collaborative working virtual prototyp-
ing environment to integrate existing CAD systems. The underlying product model
of this environment was a STEP-based integrated product model.
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The purpose of this research is to develop a GPMF to support the integration of
various PD activities. The focus of this research is placed on the modelling method-
ologies and the definition of the structure of the schemas for manufacturing, inspec-
tion, etc., and the integration of the schemas with other resources defined within
STEP. There are 25 schemas defined to ensure that the proposed GPMF is compati-
ble and can be used to model different types of products. These aspects, to the best
of our knowledge, have not been reported extensively in the literature.

9.3 A STEP-enabled Product Modelling Framework

This section proposes a STEP-enabled generic product modelling framework
(GPMF) that aims to provide an infrastructure for modelling various types of prod-
uct information. The outcome of the GPMF is a set of data models defined to model
product information at different stages of its development processes. The data mod-
els will then be used in PD processes to support efficient information exchange and
sharing for the integration of PD systems such as CAD, CAPP and CAM, and prod-
uct data management systems.

9.3.1 Generic Product Modelling Framework

The GPMF presented in Chapter 7 consists of four functional components including
an EXPRESS data model (EDM), a STEP-based modelling environment, a “five-
phase” modelling method, and three EDM data exchange and sharing methods. The
EDM is the core of the modelling framework GPMF. The EDM defines a complete
product data structure and uses a standardised data format. It consists of eleven
defined EXPRESS schemas and STEP AP 203. Each schema uses either STEP
resources or STEP-based compatible resources defined by our research group to
model a particular type of product information.

The STEP-based modelling environment is built up for the GPMF. Within the
environment, a modelling language (EXPRESS) and its graphical representation
method (EXPRESS-G) are used to model product structure. STEP generic resources
are used to model product information defined by STEP. STEP AP 203 is used to
model product geometric information, and there are also new modelling resources
defined for modelling product information that is not covered in STEP.

The “five-phase” modelling method is proposed to build up the EDM. It defines
a formal approach to logically organise all the tasks of building up the EDM in the
modelling processes.

There are also three EDM data exchange and sharing methods used in the GPMF.
Product data can be exchanged and shared through either exchange files, work-
ing forms, or database management systems. The product models defined within
the GPMF can be exchanged or shared using one of the methods. These three
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methods are easily integrated into any application software environment, which
makes it easy to implement the product models defined by the GPMF in appli-
cations. The following sections discuss the details of these components used in
GPMFE.

9.3.2 Structure of EDM

The structure of the EDM was presented in Chapter 7. It consists of four modules.
The product general information module, product geometric data module and prod-
uct manufacturing data module are defined and based on the results of classifying
product data in the first modelling phase. The resources module is developed by
grouping the shareable basic modelling objects to support the development of other
modules.

The product general information module represents the product data, which are
not directly related with the product manufacturing, such as the product identity,
product property, and the relationship between products. In this module, the prod-
uct_definition_schema is defined to support modelling this aspect of the product
data.

The product geometric data module supports modelling product geometric data,
such as shape information and dimension information. This module is a key to in-
tegrate different computer aided systems, such as CAD/CAPP/CAM. In the product
geometric data module, STEP AP 203 (ISO 1994) is directly used for representing
and exchanging product 3D geometric information. This chapter will not discuss
how to implement this AP; detailed information can be found in STEP Part 203
(ISO 1994).

The product manufacturing data module is the core of the proposed EDM, and
consists of nine EXPRESSS schemas to support modelling different manufacturing
data.

The supplier_informaton_schema is defined to model the supplier information.
The supplier is an essential component of the manufacturing industry. Manufactur-
ing companies need information about suppliers and their products to arrange the
manufacturing processes.

The manufacturing_facility_schemais defined to model the facility information.
The manufacturing facilities, such as machines, tools and fixtures are directly in-
volved in the product manufacturing processes. They are the key resources de-
termining the product manufacturing processes and influencing the product qual-
1ty.

The product_document_schema is defined for documentation aspects. The doc-
uments are defined as industry standards and documented criteria that regulate and
guide the manufacture of a product.

The bill_of_material_information_schema is defined for representing bill of ma-
terial (BOM) information. The BOM, which is also called a part list, is a list of
product components or resources for manufacturing or assembling this product. The
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BOM is used to determine the product cost and used as an effective tracking source
during the manufacturing and assembling processes.

The material_information_schema is defined to represent the material informa-
tion. The material is the basic element for a product and it directly influences the
selection of proper manufacturing facility and manufacturing processes.

The process_planning_information_schema is defined for modelling process
data. The manufacturing process information is the detailed description about the
actual manufacturing activities. It is essential to consider this aspect information in
design stage, which leads to optimize the manufacturing processes.

The assembly_information_schemais defined for these two aspects product data.
Assembly product is one of the most important types of product. To develop an
assembly product, components information and assembly method are required.

The inspection_information_schema is defined to model inspection information.
The inspection processes are essential parts of PD processes to control product qual-
ity. The inspection results can assist in indicating problems with a product and its
production processes.

The cost_information_schemais defined for the cost information occurring in PD
processes. Cost is of paramount importance to a manufacturing company. Managing
cost information can help the firm to increase its competitive ability.

The resources module defines basic modelling objects that are shared by the other
modules. All these basic modelling objects are grouped into the supporting_schema.
The resources in the schema are presented as EXPRESS ENTITY, the constructed
TYPE, and FUNCTION. Through the EXPRESS schema interface, these resources
in this schema are utilized by other schemas to structure an effective and efficient
data model representation.

The four modules of EDM are developed by applying STEP generic resources
including Part 41 (ISO 2000) Part 45 (ISO 1998a), and Part 49 STEP AP 203
(ISO 1998Db), as well as the newly defined STEP-compatible modelling resources.

9.4 Case Study

Case studies are conducted to demonstrate the feasibility and the compatibility of
the GPMF in modelling products from the different engineering applications. The
rationality of the EDM, and the relevant modelling methodologies are also tested.
Two sample products of different types are chosen to investigate the above men-
tioned objectives.

Water Bottle Lid

The water bottle lid product is a simple injection moulded product. The lid has the
same large quantity of associated manufacturing data as complex injection products,
although it is not geometrically complicated. Figure 9.1 shows a solid 3D model
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Figure 9.1 3D model of
water bottle lid product

of this product, which is generated from the Pro/ENGINEER® Wildfire® CAD
system. The sample lid product is injected moulded on a HUSKY S160 injection
machine using high-density polyethylene (HDPE) material. It is manufactured for
a plastic water bottle with a 28 mm thread.

Clamp Assembly Product

The clamp assembly product originated from a design project within the Pro/
ENGINEER tutorial book (Lamitt 2004). Figure 9.2 shows a solid 3D model of
this product, which is generated by the Pro/ENGINEER® Wildfire® CAD system.

Figure 9.3 shows a tree structure model to demonstrate how this product model is
assembled. The clamp assembly product consists of two subassembly components:
a clamp and a plate. These two sub-assembly components are connected by the
arm part. The subassembly clamp includes six components: an arm part, a swivel
part, a foot part, a stud part and two ball parts. The subassembly plate includes four
components: an arm part, a plate part, a stud part and a flange nut part.

Three EDM data exchange and sharing methods are used to model different as-
pects of product data for the sample products.

Figure 9.2 3D model of the
clamp assembly product
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Clamp azzembly Lewvel 1

Clamp Plate

subassembly subassembly

Figure 9.3 Structure of clamp assembly product

1. Product geometric data and product general information of the sample prod-
uct “water bottle lid” are modelled in STEP Part 21 files. These two products
are used to test the product geometric data module and the product_definition_
schema.

2. The product inspection data of the sample product “water bottle 1id” are mod-
elled as STEP objects! by C++ application program. This is to test the inspec-
tion_information_schema defined in the EDM.

3. A prototype DBMS application system PDMS is developed to represent prod-
uct data. The manufacturing process for the “water bottle lid product” and the
assembly data for the “clamp assembly product” are modelled. They are used to
test the process_planning_schema defined in the EDM.

9.4.1 Modelling Product Geometric Data

The geometric product data of the water bottle lid product are modelled in a Part 21
file through an AP203 output interface defined in Pro/ENGINEER®. The Pro/E
“part” file of the lid product is loaded in the system first; then the geometric data
are saved and output through the AP 203 interface in the STEP Part 21 file format.

This Part 21 file can be imported by other application systems to provide the
product geometric information. Figure 9.4 shows the windows display results of
the 1id product when this Part 21 file format product model is loaded in both the
Pro/ENGINEER® system and ST-Viewer® in the ST-Developer toolkit. As shown
in Figure 9.4, it is apparent that the geometric product data in the product model can
be read by both systems to regenerate the 3D geometric models. This is because the
two systems have a STEP AP 203 interface to load/output product geometric data.
The screenshots of the lid product model in both Pro/E and ST-Viewer are the same,
which means that the geometric product data of the product model can be exchanged
and shared by the two application systems.

! STEP objects are C++ objects with two additional characteristics: 1. the data structure of STEP
objects is defined by an EXPRESS information model; 2. they can be written out in the STEP
physical file (Part 21) format.
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Part 21 file for goemetric data
of lid product

150-10303-21;
HEADER;

ENDSEC;
7.E-1,0.E0));

ENDSEC;
END-1SO-10303-21;

DATA#1=CARTESIAN_POINT(" (0.E0,-
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Figure 9.4 Lid product model loaded in Pro/ENGINEER® and ST-Viewer®

9.4.2 Modelling Product General Information

The product general information of the lid product is modelled into a product model
with the STEP Part 21 file format. This STEP Part 21 file is based on the structure
of the product_definition_schema. When the product model users understand this
schema, the product general data can be easily retrieved from the STEP Part 21 file.
In this case, the product model for product general information is encoded manually,

it is partially presented as follows:

ISO-10303-21;
HEADER;

FILE_SCHEMA ((‘PRODUCT_DEFINITION_SCHEMA’,
‘SUPPORTING_SCHEMA"));

ENDSEC;
DATA;

#10=PRODUCT (‘1id001’, ‘water bottle lid’, ‘Lid diameter is 28mm’, #30);
#20=PRODUCT (‘1id002’, “water bottle lid’, ‘Lid diameter is 28mm’, #30);
#30= PRODUCT_CATEGORY (‘cat001’, ‘28mm series’, $);
#40= PRODUCT_RELATIONSHIP (‘pro-rel001’, ‘substitute product’,

‘can substitute each other, but have different sealing design’, #10, #20);
#50= PRODUCT_PROPERTY (‘property001°, ‘color’, ‘white’, #10);
#60= PRODUCT_PROPERTY (‘property002’, ‘sealing method’,

‘screwing’, #10);
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ENDSEC;
END-ISO-10303-21;

This file consists of two sections: a header section and a data section. The header
section presents the information about this STEP Part 21 file, such as the FILE_
SCHEMA declaration regarding how product_definition_schema and supporting_
schema in the EDM are utilized to define the product data structure. The data section
models product data. In this case, the product general information is modelled from
line #10 to #60; each line presents a set of product data for one kind of product
general information.

Line #10 refers to the product and models the basic definitions of a lid product.
The four data are listed in this line, as shown in Figure 9.5, by matching the se-
quences of the id, name, description, and category in the productz. The id, name,
description and the category information of the sample product are represented as
“1id001”, “water bottle 1id”, “Lid diameter is 28 mm”, and the product data defined
in line #30, respectively. Line #20 models another lid product with the id “lid002”
using the same presentation as line #10.

Line #30 defines the product data of the category information, which refers to
product_category as shown in Figure 9.5. The product data “cat001” and “28 mm
series” relate to id and name. The “$” symbol indicates that there are no data of the
optional attribute description.

Line #40 demonstrates the relationship between two products defined in line #10
and line #20. The product data in line #40 are sequentially presented as the value of

#10=PRODUCT (‘1id001°, ‘water bottle lid’, ‘Lid diameter is 28mm’, #30);

f A A A A
ENTITY erduct; ‘ i Part 21 file
id: identifier; name: label; description: OPTIONAL text; '/7 the INVERSE
attribute.

of category : product category;
INVERSE propertyiinformali)n: SET [1:?] OF product property FOR of product;

END_ENTITY; )

|

|

|

|

|

|

|

|

|

cannot present |

|

|

|

|

|

| |
|
|

1‘.

ENTITY product category; ’
id: identifier; name: label; description: OPTIONAL text;
END_ENTITY;

Figure 9.5 Relationships between Part 21 file and EDM schema

2 Part 21 file can not map the INVERSE attribute. Hence, the product_property information can
not be presented in Line #10.
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attributes id, name, description, relating_product, and related_product in the prod-
uct_relationship.

Lines #50 and #60 define two product_property instances named “color” and
“sealing method”. The product data of these two instances are organised with the
same sequence as the attributes id, name, description and of_product3 are listed in
the product_property.

9.4.3 Modelling Product Inspection Information

The inspection data for the lid product has been chosen to be modelled based on the
working form ROSE C+-+ library. Through the integrated development software
environment that consists of ST-Developer and Microsoft Visual C4-4-, the inspec-
tion data are modelled into STEP objects. This case study is carried out following
the above three steps. The product inspection data are modelled into STEP objects
and presented as a STEP Part 21 file.

1. The inspection_information_schema is converted to C++4 class definitions
through EXPRESS Compiler in ST-Developer® as shown in Figure 9.6. Mean-
while, as the product_definition_schema and product_document_schema are

SCHEMA Inpssetion_infrmation_schéma

Reference FROM product_definition_schems

{ o]

TYPE resuf » SELET (pass, fai);,
END_TYPE,

& SH-Developer 10

TYPE pass = STRING:
END_TYPE;
4= STRING,

ENTITY produect_inspecton;
of_proguct procuct
nspoctios_list SET [07] OF inspection_test

END_ENTITY,
ENTITY inspection_test

ENC_ENTITY

ENTITY inspection_pass_requitemsnt,

ENd_ENTITY
ENTITY resilt_ vaie

i & | =

C++ codes

Rose files

g inspection_informakion_schema_EXF.rose
= inspaction_information_schema.rose

| W] inspection_information_schema,h

{h] inspection_information_schama_ROSE_LOAD.K
_Q]nspsc:bn_pass_rﬂjrmn{.tn

W] inspection_pass_requirement.h

| O inspecsion_standard.cox

| h] inspection_standard.h

6] inspaction_test.oxe

| h] inspection_test.h
E}cht_i'm.m

| 0] product_inspectons.h

ﬂltﬂi.cz}.

_!I]les.t.h

Bam_va'w.:x\-

ﬂtm_va'ue.h
ﬂ&lﬂi‘aptcbmm_{mtm‘..c-.x
] Setifirspection_pass_requirement.h
| 0] Set0frspection_standard, oo

| h] SetOfinspection_standard.h

| 6] Setcfirspection_test.cox

| h] satCfinspection_test.h

Figure 9.6 Converting inspection_information_schema into C++ classes and ROSE schema file

3 The first three attributes, id, name, and description, are referenced from supporting_
schema.property_definition.
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referenced by the inspection_information_schema, these two schemas are con-
verted to C4+- codes as well. The six corresponding ROSE schema files, inspec-
tion_information_schema.rose, inspection_information_schema_EXPX rose,
product_definition_schema.rose, product_definition_schema_EXPX.rose, prod-
uct_document_schema.rose, and product_document_schema_EXPX.rose are
generated.

2. The functions and variables in these C++4- codes and the data-dictionary in the
* rose files are used to generate the application ROSE C++ program.

3. The STEP objects are displayed in the command window and output in a STEP
Part 21 file. The manipulation of these two STEP objects is realised using the
functions ROSE.display( ) and ROSE.saveDesign( ) defined in the ROSE Li-
brary. Figure 9.6 presents a screen snapshot of ROSE.display( ) results.

There are 19 STEP objects created in this case study, from <0-0> to <0-18>. All
these STEP objects are built based on the inspection_information_schema, prod-
uct_definition_schema and product_document_schema in the EDM.

The STEP objects <0-0> to <0-2> are the three instances of inspection_pass_
requirement in the inspection_information_schema. The STEP objects <0-3> to
<0-5> define three instances of SetOfinspection_standard*. The STEP objects
<0-6> to <0-8> present the three instances of inspection_standard in the inspec-
tion_information_schema. The STEP object <0-9> defines the product data for
an instance of document_type in the product_document_schema. The STEP ob-
jects <0-10> to <0-12> present the three instances of result_value in the in-
spection_information_schema for three inspection tests modelled in STEP ob-
jects <0-14>, <0-15>, and <0-16>. An instance of result in the inspection_
information_schema is modelled into STEP-object <0-13>.

The STEP objects <0-14>, <0-15>, and <0-16> present three inspection tests:
“open torque test”, “1.5m falling test” and “airproof test” for the water bottle lid
product. They are three instances of inspection_test in the inspection_information_
schema. For example, in the STEP object <0-14>, the id, name, and descrip-
tion are valued as “lid-inspection001” and “open torque test”, respectively.’ The
test_product is valued by STEP object <0-17>, which stores the definition of the
“water bottle lid” product. The frame_of_reference utilises the STEP object <0-3>
to define the referring standards. The other two instances inspection_test, STEP ob-
jects <0-15> and <0-16> are defined in the same way.

The STEP object <0-17> is an instance of product in product_definition_
schema. The of_category utilises STEP objects <0-18> to define the product cate-
gory data about the product modelled in STEP object <0-17>.

4 The SetOfinspection_standard is the result of converting a set of inspection_standard through the
EXPRESS Compiler of ST-Developer

3 There is no input for description attribute.
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9.5 A Prototype Product Data Management System

A prototype PDMS is developed using the third EDM data exchange and sharing
method. All the product data is stored and managed by this system. In this case
study, two types of product data are modelled to test the proposed GPMF. They
include the manufacturing process information of the lid product, and the assembly
information of the clamp assembly product.

The prototype PDMS consists of two parts: a product data input/query interface
and a product database. These two parts are both developed and based on the EDM.
Figure 9.7 shows the structure of such a system, where ODBC is used as a driver for
establishing the link between user-interface pages and the created databases.

Prototype POMS L __ __ __ _

|
l T -
?afa npf | Productdata ., o
Interface 7 Lt —
|
|
|

( ODBC )
—

|

|

I

|

| Interface [ T Proguct data /

| f 3
support EDM support

Figure 9.7 Structure of the PDMS

Product Database

9.5.1 Product Data Input/Query Interface

This interface has two main functions. The first is to provide the interface to input
product data into the product database. The second is to manipulate product data, in-
cluding data querying and data updating, which is based on the support of Microsoft
Access DBMS. These two functions are presented in two separated windows: a data
input window and a data query window. Their layouts are organised according to the
schemas structure of the EDM. Figure 9.8 shows four kinds of product data input
windows for: product general information, product inspection information, product
manufacturing process information and product assembly information. A data query
window is also developed to enable users to search the PDMS. The query field can
be chosen from the pop-up menu. The query keyword can be inputted from the blank
input field and served for data query after clicking the “submit” button. The query
results are presented using a table or a form.
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Figure 9.8 Product data input window and query window

9.5.2 Product Database

The main functions of the product database are to store the product data follow-
ing the structure defined by the EDM, and to use the Microsoft Access DBMS
to manipulate data. Example programmes are shown in Appendix A.6. As shown
in Figure 9.9, there are 19 tables in the proposed product database and they are
categorised into four types: 1. product general information; 2. product inspec-
tion information; 3. product assembly information; and 4. product manufacturing
process information. These tables are naturally associated with the corresponding
schemas: the product_definition_schema, the assembly_information_schema, the
inspection_information_schema, and the manufacturing_process_schema.

The structures of the above schemas are mapped into the product database. There
are two types of mappings: 1. mapping between EXPRESS ENTITY and the table in
the product database; and 2. mapping the relationships between different EXPRESS
ENTITYs to the corresponding tables in the product database. For the first kind
of mapping, the attributes of an entity are mapped to the corresponding columns
of a table. The name and the value type of the input field are mapped from the
attribute definition. Figure 9.10a presents the first type of mapping between assem-
bly_information_schema.assembly_product and the table “assembly”. The relation-
ships between entities are also presented in between tables. Figure 9.10b shows the
relationship between assembly_information_schema.assembl_producty and assem-
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Figure 9.9 Classification of product database data tables

bly_information_schema.part, which are mapped into two tables “assembly” and
“pa_rt

th)

9.6 Modelling Product Manufacturing Process Data

The lid product is used to test the process_planning_schema through the prototype
PDMS. This test utilises the product manufacturing process data input interface and
involves six access tables: action, action_property, manufacturing_process, manu-
facturing_feature, tolerance and tolerance_type. They are built based on the pro-
cess_planning_schema.

In this case study, all the data of the manufacturing processes for the water bottle
lid are modelled. For example, there are seven steps to manufacture a water bot-
tle lid product. The second manufacturing step, “injection”, is modelled through
the PDMS, which is shown in Figure 9.11. The product data of this step are in-
put through the manufacturing action information input window (see top of Fig-
ure 9.11); they are stored in the product database table “action” (see bottom of Fig-
ure 9.11). The product data of this step are demonstrated as: 1. “step002”; 2. “in-
jection process”; 3. “injecting 2.4 * 24 g melted HDPE to the cavity”; 4. “property
001" and “property002”, which are 210 degrees and 840 bar, respectively; 5. 0.8 s;
6. “nozzle”, “24-cavity mold”, “HUSKY S1607; 7. none; and 8. 2. These eight data
elements correspond to the eight attributes of manufacturing_process_action. The
arrow lines present this mapping relationship. The product data of the other six
steps are input into PDMS as presented in the “action” table in Figure 9.11.

Figure 9.12 presents the modelling results of the manufacturing process data for
the water bottle lid product. These product data include: an instance of manufactur-
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Figure 9.11 Modelling the “injection” step of the water bottle lid product

ing_process, seven instances of manufacturing_process_action, and five instances
of action_property.

9.7 Modelling Product Assembly Information

The product assembly information for the clamp assembly product are used to test
the assembly_information_schema through the prototype PDMS. This test utilises
the product assembly information input interface and it involves five access ta-
bles: assembly table, part table, subassembly table, connector table and connect-
ing_method table. These are built up based on the assembly_information_schema.
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Figure 9.12 Product data for manufacturing process of lid product

Figure 9.13 shows an user interface for inputting product assembly information.
There are five fields, which are structured based on the corresponding entities in the
assembly_information_schema. For example, the first input field named “assembly
basic information” is generated by mapping the structure of the assembly_product.
Its input “ID”, “name”, “sub_part_list”, “sub_assembly_list” and “connector ID” re-
fer to the five attributes of assembly_product: id, name, sub_parts, sub_assemblies,
and connection_information.

Figure 9.14 shows the detailed search results of nine instances of the product
clamp. There are nine components of the clamp product. For example, the flange
nut part product data are presented as: “part009”, “flange nut”, “ %, (“subassembly”,
“subassembly001”), 3 and 003. They are sequentially matched to the attributes of
the part, which are id, name, description, super_item, lever_in_assembling_hierachy,
and connection_information.

The product data can be retrieved from the PDMS. For example, consider the
“part009” shown in Figure 9.14; the “super_item” is “subassembly” and the “su-
per_item_id” is “subassebly002”. The detailed information of “subassembly(002”
can be retrieved by querying in the subassembly table. The “part009” is listed in the
“sub_parts” column. This example presents the relationship between subassembly

6« > means that no data are input for that column.
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Figure 9.15 Assembly data for the clamp product stored in the PDMS

and part. The super_item attribute of the part can be valued by an instance of sub-
assembly; the sub_parts attribute of subassembly are defined by a set of instances of
the part.

Figure 9.15 shows a summary of all the assembly data for the clamp product,
which are stored in the five tables (assembly, subassembly, part, connector, and con-
necting_method) of the product database in the prototype PDMS.

9.8 Conclusion and Future Work

This chapter presents two case studies to illustrate how the STEP-enabled GPMF
can be used to support efficient information sharing and exchange for integrated
PD. The focus of the study is to develop a generic modelling methodology for mod-
elling products of different types. This is achieved through definition of the schemas
and the proposed modelling methodologies. A prototype PDMS system has been de-
veloped to demonstrate how the GPMF works. From the case studies, the following
conclusions are drawn:

1. The proposed STEP-enabled GPMF is compatible with modelling products of
various types. The sample products used in the case studies are chosen from
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different manufacturing applications. Through the GPMF, the product data are
modelled into the product model and stored in the proper formats.

The GPMF is able to support the modelling of a wide range of product data,
especially product manufacturing data. In the case studies, five aspects of prod-
uct data are modelled through the proposed GPMF. The corresponding product
models provide a comprehensive view of the product.

The case studies show that all the parts of the GPMF are associated with a core —
the EDM. The entire product modelling process is tightly dependent on the data
structure defined in this data model.

The EDM is flexible in implementation. It has four modules. Each module of
the EDM, even each EXPRESS schema, can be considered as an individual
EXPRESS data model. They can be applied with the EDM data exchange and
sharing methods to model the corresponding product data. In three case studies,
the product general information module, the product geometric data module,
the inspection_information_schema, the process_planning_shcema, and the as-
sembly_infomration_shcemaare used individually to support modelling product
data.

Three EDM data exchange and sharing methods are applied in the case studies
with related software environments. Any one of these methods can be chosen to
support modelling products with the proper format.

. The prototype system PDMS is developed to demonstrate how the proposed

STEP-enabled GPMF works with general database systems for modelling and
managing product data. This is based on the third level of EDM data exchange
and sharing method.

The GPMF provides a well-established mechanism to support the integration of
manufacturing systems through the proposed product modelling methodologies.
However, more work needs to be carried out before it is applied in an actual in-
tegrated manufacturing environment to support the integration of PD systems in
a modern manufacturing environment. The future work in the area is enormous
and not limited to the following three areas.

The first area is to further develop the prototype PDMS system. This includes
the input/output interfaces for the integration of various computer aided systems,
such as CAD, CAPP and CAM. The system needs to provide a standard interface
to transfer product data with proper format to the end user.

The second research area is to further validate the proposed GPMF by applying
it in modelling products of other types. Our research work in modelling sheet
metal and injection moulding products has shown that this is a complicated pro-
cess (Tu and Xie 2001, Xie and Xu 2006). Future work in this area requires
great effort to define new schemas as STEP itself is still at the development
stage.

The third area of work is to explore the possibility of extending the pro-
posed GPMF to support Web/Internet-based manufacturing. Integrating web
technologies into the modelling framework can significantly improve infor-
mation exchange effectiveness through the internet/intranet. This can enable
the proposed GPMF to be used in a distributed PD environment to support
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Web-based PD activities. The possible implementation method involves util-
ising mapping between XML and EXPRESS, which is defined in STEP Part 28
(ISO 2003).
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Chapter 10

Information Framework
for Rapid OKP Product Development

Abstract Information integration is an important issue in supporting integrated and
concurrent PD. This chapter explores the definition and the structure of an informa-
tion framework for rapid development of sheet metal parts. This framework aims to
build an information bridge to fill the gap among sheet metal part design, process
planning and manufacturing systems. It is based on the principles of zero thickness
and zero bend radius, which are used to abstract the geometry entities of sheet metal
parts in order to facilitate part modelling and information modelling. In this chap-
ter, a tree-based step-structure information modelling methodology for sheet metal
parts is proposed and a case study is given.

10.1 Background and Motivation

Today’s manufacturing industry relies strongly on computer technology to support
activities through a product’s life cycle. Effective and efficient information sharing
and exchange among computer systems have been criticial issues. An information
modelling methodology that describes information flow unambiguously through-
out the PD life cycle is an enabling technology that facilitates the development of
a large-scale and networked, computer environment that can support RPD.

For the development of sheet metal parts, traditional product design and man-
ufacturing processes are carried out in a series of stages, especially for bent sheet
metal products. With this traditional design and manufacture method, a sheet metal
product is frequently designed without systematic consideration of downstream PD
requirements, such as process planning, manufacturability, production scheduling
and manufacturing optimisation (Shao et al. 2009). Also, the feedback from these
downstream processes to the product designer can only be made after the product is
designed or possibly after it is manufactured. This often results in an expensive and
time-consuming rework (Verlinden et al. 2008). Consequently, it affects the quality,
cost and delivery time of the product.

To fill the gap between the design and other downstream PD processes, efficient
and effective information interchange among different software systems, different
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departments and different people in the company is critical for concurrent design and
manufacturing of a sheet metal product. Correct and effective information exchange
throughout the PD life cycle can shorten the PD lead time, improve the production
efficiency, achieve high quality, and, at the same time, cut down the production cost.

In order to achieve intensive information interchange on sheet metal design and
manufacturing processes and intelligent decision support in the earlier design stage,
an integrated PD system where different software packages and people can share
information simultaneously has been presented in Chapter 4. To support the devel-
opment of this system, an information framework that allows the use of information
in a shared environment is proposed in this chapter.

The information framework is used to build information models for information
sharing among different software packages so that these software packages work
concurrently in an integrated environment. Also, the framework can be used for
building design and manufacturing knowledge bases, which can be used as a ref-
erence for intelligent decision support. This work has been used to build a WWW-
based intelligent design and manufacturing knowledge base and has been tested in
a sheet metal company.

10.2 The Role of the Information Framework

Owing to the numerous and complicated interactions among the tasks of concurrent
sheet metal PD processes, an Internet-based integrated sheet metal PD system was
proposed in Chapter 4. The platform contains several modules, including an unfold-
ing module, an Internet-based data integration environment, knowledge bases, data
communication tools among different modules (Li et al. 2007), a CAPP module
(Xie and Zhang 2008), a CAD module, a CAM module, a cost estimation module
(Verlinden et al. 2008), a computer simulation platform (Lu et al. 2010, Cia et al.
2009), GUISs, etc.

In this system, the relationships between the information framework module and
other modules are shown in Figure 10.1. Figure 10.1 shows that the information
framework provides feasible solutions to build automatic links between data for
product design, process planning, unfolding software package, logistics manage-
ment (i.e., supply, partner and subcontractor chains management), CAM and cost-
ing. Product data models can be built to manage information flow among these appli-
cation software packages. The fundamental problem with data sharing among these
software tools is that the output of one tool is often required as the input of another
tool, yet each system uses proprietary data formats that are not easily transferable to
other systems. It is difficult, therefore, to move data from one step of the design pro-
cess to another step without performing data translation. Past solutions have been
focused on building translators between individual tools. For N different software
tools as shown in Figure 10.2, this approach needs o(N?) data translators. This is
obviously not a practical solution to the problem of data exchange. For example, ex-
tensive real-time data exchange between different systems via the Internet will cost
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more time and thus greatly influence the speed of Internet communication. Further-
more, it is important to the history of the design process to provide more than just
a translator to move data from one tool to another. It is also important to record dif-
ferent versions of design files, as well as the relationships that exist between the data
in such files. In some cases, some tools may require combined input from several
different tools. Hence, a solution as shown in Figure 10.2b would be ideal to resolve
the issues, where N different design and analysis tools only require O(N) translators,
and information communication occurs through some common, shared data source.
Such a solution depends heavily on standards for data exchange combined with the
use of database technology for managing exchange files and data relationships.
This chapter presents the results of the development of an information frame-
work. The information framework can be used to solve the problem of information
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modelling and real-time exchange between different software tools in an Internet-
based concurrent and integrated PD system. This chapter discusses how to build
an information framework to support information /data modelling in the Internet
environment.

10.3 The Zero Thickness and Zero Bend Radius Principle

This section discusses a generic handling methodology for bent sheet metal parts, as
it plays an important role in product design and modelling processes and has been
used in this research.

This research considers a generic handling methodology for its parametric shape
of bent sheet metal parts. The details of the generic handling principles are:

1. Zero thickness principle: supposing that the thickness of bent sheet metal parts
is zero; designers do not need to consider the thickness of the parts.

2. Zero bend radius principle: supposing that the bend radius is zero; designers not
need to consider the changes of parametric shape in the bend process.

The above principles are based on the assumption that the length of the middle layer
of the sheet metal parts is the same before and after the bend process. The middle
layer will change when the following situations change, e.g., product materials, bend
method, and mould structure. A database was built for selecting the position param-
eter of the middle property layer (Hua 1989). As shown in Figure 10.3, the length of
the sheet metal part after unfolding can be calculated as follows (Hua 1989, Chang
1991, Liu 1998):

|| - 7

L=L +L,+ r+k-t
1 2 180° ( )
> t »|
3 The Middle
Property Layer
4
y
i

Figure 10.3 Position of the L2
middle property layer
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Figure 10.4 Generic handling method for bent sheet metal part: (a) example sheet metal part; (b)
unfolded example sheet metal part

where L, L, are the length of two linear sides;

« is the bend angle (degrees);

k is the position coefficient of the middle property layer;
r is the bend radius of the inner surface (mm);

t is the thickness of the sheet metal part (mm).

With these two principles, the bend parametric shape of sheet metals can be con-
sidered as a group of continuous zero-thickness planes connected to each other. For
example, Figure 10.4a can be expressed as Figure 10.4b without consideration of
the thickness of the sheet metal parts. The software will consider the part thickness
and bend radius automatically.

The advantages of using the zero thickness and zero bend radius principle to
handle the parametric shape of bent sheet metal parts are as follows:

1. Simplicity: a complicated 3D product model can be simplified into a 2D model.
This means complicated hand calculation can be avoided, which makes the in-
formation modelling process easier.

2. At the design stage, one does not need to consider the plastic deformation of the
products during the bend process (the software will automatically consider it).

3. One does not need to consider part thickness at the modelling process stage and
3D entities can be transformed to related 2D plane entities.

The method of using the zero-thickness and zero bend radius principles to handle
the parametric shape is for the convenience of the product designer. This generic
handling method can transfer 3D shape feature entities into 2D entities while re-
lationships among these entities can be modelled using an object-oriented scheme
structure.

10.4 Information Integration Framework

The information integration framework aims to build an information bridge to fill
the gap between sheet metal part design, process planning, simulation and manufac-
turing systems. It is an important issue in supporting integrated and concurrent PD.
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This information integration framework consists of a tree-based information mod-
elling methodology to represent information objects and relationships. These objects
represent various items of information of a sheet metal product, such as parametric
shape, topology and the design specifications (i.e., performance, materials, toler-
ance, surface and quality requirements), and manufacturing information (such as
cost, manufacturability, process specifications, operational data). The relationships
among different information objects (i.e., behaviour, state, efc.) can also be modelled
and can be used to build relational knowledge bases to support concurrent product
design and manufacturing. The information framework can also be used to build
information models for information sharing among different software packages so
that these software packages can work concurrently in an integrated environment.

10.4.1 The Step Structure Information Framework

This research proposes an information framework, termed a step structure informa-
tion framework as shown in Figure 10.5. The framework contains four top-down
information layers, which include a parametric layer, a feature layer, a parts layer
and a knowledge layer. The parametric layer contains the geometric data of the
shape feature of the sheet metal parts and tool features. The feature layer con-
tains all the feature information which includes not only the feature information
(i.e., attributes) but also relationships with other feature-level information objects
and objects defined by users. The part layer contains all the part information in-
cluding feature information and relationships among different part-level informa-
tion objects. The knowledge layer contains not only the part information, but also
“knowledge related” information objects and an inference engine. The knowledge in
the knowledge layer is extracted from part-level knowledge and feature-level knowl-
edge, formed by information objects and relationships among them. The knowledge

Inference Design/manufacture Product information Knowledge layer
engine knowledge bases management system
(optimisation,_______________________: ___________ -T _______
reasoning, —
etc.) ‘ Sheet metal parts H Feature decomposition H Management feature‘
] 2.4 Part layer

User-defined
features and
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Material feat
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Figure 10.5 Information integration framework for sheet metal parts
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in the knowledge layer can be directly used to support intelligent concurrent design
and manufacturing. The management feature is used to manage all the information
of a certain part, which can be saved and used as part of a company database. Appli-
cation objects defined by users according to the requirements of the project can be
put in the feature and part layer. After a new object is defined, its relationships are
created by either the users or automatically by the optimisation algorithm and exist-
ing knowledge. This object with its relationships can be regarded as new knowledge,
which can be used in new product design and manufacturing processes.

In addition to geometry, the step structure framework that has been developed
within this project includes representation of function and behaviour, physical de-
compositions, functional decompositions and the relationships between the physi-
cal and functional domain. In this step structure information framework, the rela-
tionships are used to represent the relationship between sets of objects, including
a physical decomposition, a functional decomposition and other kinds of relation-
ships. The overall sheet metal part relationships among shape feature representation
is comprised not only of the collection of objects that represent physical entities,
but also of other objects, relationships, interconnections between them as well as
various attributes and their values.

10.4.2 Information Relationship Representation
of Sheet Metal Parts

From the previous discussion, we know that one of the challenges in developing
a sheet metal information framework is to delineate and represent the complex re-
lationships among product entities and diverse types of sheet metal definition data.
In conventional CAD/CAM systems, sheet metal parts are represented and stored
as a complete geometric and topological 3D solid. Such a representation is quite
suitable for display and for performing geometric computation-intensive tasks such
as engineering analyses and simulation. However, it is not appropriate for tasks that
require decision-making based on high-level information about geometric entities
and their relationships. Therefore it is necessary to define sheet metal geometric en-
tities and their relationships so as to provide high-level information required in these
applications.

Tree-based feature models are able to represent the relationships among data and
can model sheet metal parts with the following results: 1. the representation of sheet
metal geometric features, their properties, relationships and functions; 2. a wide
definition of data and entity relations; and 3. representation of semantics for different
levels of applications. Knowledge can also be modelled using this tree structure as
it can be considered an “efficient” combination of different information objects by
an inference engine.

To represent the feature model and its relationships to the sheet metal part, the
tree-based information models should not only represent the shape features, but also
the relationships among different features. Usually, shape features contain both main
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Figure 10.6 An example for
building feature relationships
graph for a sheet metal part

features and auxiliary features. According to the relationships among main features,
and between main features and auxiliary features, it is possible to build a relation-
ship graph among different features. The shape feature relationship graph can be
used to represent the shape modelling process. Figure 10.6 is an example of a sheet
metal part that will be used to show how to build a shape feature relationship graph.
There are five planes contained in this part named P, Ps, ..., Ps, respectively.
There are several features (circle, rectangle, efc.) in each plane and there are four
bend features named B, B,, B3, By in this part. For this typical sheet metal part,
the information object of each feature can be built according to the principles be-
low.

The information modelling principle is as follows: The model starts from a ref-
erence plane, and then joins other planes together based on this reference plane.
When defining a bend feature, a reference plane feature that connects with this bend
feature is chosen. Theoretically, from the information modelling point of view, the
reference plane can be any plane in the part. But, usually one of the planes that will
be a fixture plane during the manufacturing process will be selected as the reference
plane. When defining a plane feature, besides the reference plane, it is necessary
to choose another bend feature which shows how the plane that contains this plane
feature connects with its father plane. When defining an auxiliary feature, it is nec-
essary to choose a plane feature from the same plane, then define this auxiliary
feature according to the working coordinate of this plane. Figure 10.7 shows the
tree-based relationship graph among different features for this example part when
P, is assumed to be the reference plane, the relationships among different features
(A;, B;) and planes (P;) are clearly shown in Figure 10.7.

Based on the principles above, two branches of the tree structure can be used
to build any product model, which makes it easy to achieve different application
modules, e.g., nesting optimisation, path planning and CAM module. The details of
the two-branch tree-based information modelling methodology are as follows. The
reference plane is regarded as the starting point of the tree. When defining a bend
feature, as shown in Figure 10.7 it will be inserted into the left point of the tree
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Figure 10.7 Tree structure of
shape features

or the left point of the left point of the tree, which contains the father feature that
connects with this bend feature. This structure shows that the bend feature has a
“son—father” relationship with its “father” feature; when defining a plane feature, it
is being inserted into the right point of the bend feature that connects this plane with
its father plane; when defining an auxiliary feature, it is being inserted into the right
point of the tree or the right point of the right point of the tree, which contains a plane
feature, which means the auxiliary features have “brother” relationships with each
other. Based on this modelling methodology, the example part can be represented as
a two-branch tree structure, which is shown in Figure 10.8.

This two-branch tree-based data structure can also be used to describe the rela-
tionships among features, information objects and other user-defined objects. This
tree structure can be extended as sheet metal parts become more complicated. How-
ever, building information models that clearly show the relationship among features
in different planes is difficult but also very important for the information framework.
It should be mentioned that the relationships here contain static relationships and dy-
namic relationships. Static relationships mean that the relationships are not change-
able (i.e., predefined material, tool-tool feature). Dynamic relationships mean that
the relationships can be changed (i.e., a new punch tool object for a feature, an in-
formation object changes its connection to another object). Dynamic relationships
are usually used to represent renewable knowledge and relationships among infor-
mation objects. In an actual application process, a data structure that shows the
relationships among different features may change as the information model goes
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Figure 10.9 Common information model for sheet metal parts

through the application software, i.e., the relationships among different features in
a CAPP information model will change according to the automatic arrangements
of the shortest path optimisation algorithm. Evidently, the tree structure can be ex-
tended as sheet metal parts become more complicated and can also be used to rep-
resent distributed dynamic relationships.

In order to facilitate sheet metal product modelling and to build distributed in-
formation management systems, a common information model is built in this re-
search. Figure 10.9 shows the structure of a common information model. It depicts
a management object with its relationships to other downstream information ob-
jects, based on the information integration framework. The contents of information
objects are defined by users based on the actual application (i.e., cost, tool sequence,
lead time) and can be filled by software and users through the integrated system.

10.4.3 Modelling Languages and Methodology

The modelling language used to achieve the step structure information frame-
work should represent sheet metal parts as sets of objects and relationships of ob-
jects. It should represent physical entities such as assemblies, subassemblies, and
components, as well as non-physical concepts such as function and behaviour in



10.5 Case Study 229

the Internet environment. In recent years, quite a few information modelling lan-
guages have been developed or are under development, e.g., the Integrated Com-
puter Aided Manufacturing (ICAM) Definition Language 1 Extended (IDEF1X)
(Appleton D. company), the EXPRESS language (ISO 10303-11:1994(E)) and the
Unified Modelling Language (UML)(UML Website). These information-modelling
languages provide various ways of formally representing the information frame-
work.

The modelling languages that have been used for this research include Vi-
sual C++, VBSCRIPT, JAVASCRIPT and EXPRESS. Visual C++ is an object-
oriented (O-O) language, which supports class definition and object operations. It
is used for developing most of the sheet metal application modules and tools. VB-
SCRIPT and JAVASCRIPT are used for knowledge sharing and client—server com-
munication. EXPRESS is based on programming languages and the O-O paradigm,
and can be used for object definition and specification of constraints on the objects
defined. A number of languages have contributed to EXPRESS, i.e., C++, SQL,
etc. These languages make it easy to achieve all the application modules of the in-
tegrated system.

Figure 10.9 shows a management object and its relationships with other infor-
mation objects that can be represented by EXPRESS or other O-O languages. It
includes a two-branch tree object for shape features, management feature object,
material feature object, efc. The contents of an information object can be defined
based on the actual application (i.e., cost, tool sequence, lead time, efc.). The shape
feature objects of the part are stored in a two-branch tree. The material feature ob-
ject, the precision feature object and other objects are connected with the shape
feature object. The relationship between precision feature object and shape feature
object can be shown by the relationship between these two objects. The information
object in Figure 10.9 can be extended as the two-branch tree connects with more
features and information objects.

10.5 Case Study

This section discusses how to build an information model for a typical sheet metal
part

Figure 10.10 shows a simple sheet metal part, which includes two plane features
P;, P, and one bend feature B;. There are two inner rectangular features F and F;,
in plane P;. Assume P; to be the reference plane, and that feature Fj is positioned
by the reference plane P;. The feature F, is positioned by the reference plane P
and the feature F’s position. The shapes and dimensional positions of these features
have been shown on Figure 10.10.

Figure 10.11 shows the step structure information model of this part and the
details of information models being built for different features of this part. The O-
O expression of this part is shown in Figure 10.11a, which includes the relation-
ships among different information objects, a management object and connection
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Figure 10.10 Example sheet metal part for object-oriented information model

to other information objects. The relationships among different features, the rela-
tionship between feature and related information objects, efc., can be shown using
EXPRESS-G. Other information models that represent other features are discussed
below.

The O-O expression of the plane feature is shown on Figure 10.11b, which in-
cludes information, such as the restraint value, the length and width of the plane
feature. The O-O expression of the rectangular feature is shown in Figure 10.11c,
and includes information such as the restraint value, the length and width of the rect-
angle. The O-O expression of bend feature B is shown in Figure 10.11d, which in-
cludes information such as bend radius and angle. The O-O expressions of two plane
features Py and P, are similar; the O-O expressions of two rectangular features F)
and F, are similar. The feature number of plane feature P;, bend feature B; and
plane feature P, are 01, 02 and 03, respectively; the feature number of rectangle in-
ner hole features F; and F> are 0101 and 0102. The whole information model of this
part, which includes all these sub-information models, is shown in Figure 10.11a.
As we can see from this structure, the information model can be extended and the
tree-based data structure can be divided into different layers when more classes or
objects are connected. The detailed contents of the information model may also
change as the application changes, but the step information structure of this part
would remain unchanged.

The description above indicates that if we add a new feature into this part, a new
information model will be created. This information model and its relationships with
other features will be automatically added as they go through design and manufac-
turing systems. The data value of each object can also be changed by the program
automatically. For example, the value that means manufacturing sequences of the
feature in a certain feature object will change as the information object goes through
the shortest path optimisation algorithm. The cutting tool object has some relation-
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ship with these features. The tool planning module will assign each feature a rela-
tionship with a selected tool that will be used to manufacture this feature according
to the optimisation results. The object view of the tools contains all the associated
information elements (attributes). The information elements are, for example, the
tool ID, tool name, description, efc. Furthermore, there is also usage information,
which will maintain the information related to the level of inventory, tool life, tool
location, efc. As we can see, the information schemas and relationships between
features, tools, efc., can be implemented in the form of a company database.



232 10 Information Framework for Rapid OKP Product Development

Rectangle feature object(F2) 1 f shape dimension restrain
chain-list class and object
Rectabgle (Feature Name)

0102 (Feature Mark)
shape dimension restrain
chain-list object
position dimension feature
restrain chain-list object

AN

Father position dimension shape dimension restrain shape dimension restrain
feature chain-lst object biect 1
jec
[Tength @mension name) | | |[widih @mension name)
40 (dimension value) 20 (dimension value)
A 1
Tather position dimension feature
chain-list class and object
position dimension restrain class 1 position dimension restrain class 2
Gistance among parallel Tnes( distance among parallel ines(
restrain categories) restrain categories)
55 (restrain value) 60 (restrain value)
plain feature rectangle 0.1 (positive error) 011 (functional parametric
classt P1 feature class F1 0.1 (negative error) element 1)
i ot1 (functional parametric 01024 (functional parametric
| element 1) element 2)
01024 (functional parametric .
element 2)

©

bending feature
object(B1)

Rectangle Feature
Class(F1)

Bending Feature
(Feature Name)
02 (feature mark)

011 (father beding brink)
033 (son bending brink)
shape dimension restrain
chain-list object

shape dimension restrain shape dimension restrain
object 2
bending radius (dimension bending angle (amension
name) name)
10 (dimension value) 9  (dimension value)

(d)

Figure 10.11 Object-oriented information expression of the sheet metal part: (a) overall model;
(b) modelling a plane feature; (c) modelling a rectangular feature; (d) modelling a bend feature

10.6 Conclusion

In order to support the rapid development of sheet metal parts/products, an infor-
mation framework that aims to provide an information modelling methodology to
support sheet metal parts intelligent concurrent design and manufacturing has been
proposed and explained. This information framework divides information into four
layers; a parametric layer, a feature layer, a parts layer and a knowledge layer. It is
an important step towards the development of information models of different parts
that are responsive to the needs of emerging manufacturing and engineering tech-
nologies. This framework can also be used to achieve intelligent decision support
in the earlier design stage through correctly defining the structure of the company’s
knowledge bases. This includes the representation, capture, sharing and reuse of
corporate design and manufacturing knowledge. The models extend well beyond
representing solid geometry, and can, in principle, represent other important engi-
neering information, such as properties, attributes and functions, and can also be
extended to the modelling process for other products.



References 233

References

Cai, Z.Y., Wang, S.H., Xu, X.D., Li, M.Z., 2009, Numerical simulation for the multi-point stretch
forming process of sheet metal. Journal of Materials Processing Technology, Volume 209, Issue
1, Pages 396-407.

Chang, W. W., 1991, The Technology Handbook of Sheet Metal Parts Unfolding (Shengyang: The
Publishing House of East-North Technology University).

Li,M.Z., Cai, Z.Y., Liu, C.G., 2007, Flexible manufacturing of sheet metal parts based on digitized-
die. Robotics and Computer-Integrated Manufacturing, Volume 23, Issue 1, Pages 107-115.
Liu, J. Q., 2000, Design & Manufacturing of parts with complicated shapes, Ph.D. thesis, Huazhong

University of Science and Technology, P.R. China.

Lu, X.F, Li, H.F, Zhang, Y.R., Zhou, Y., 2010, Simulation and experiment on workability for cold
pressure forming of sheet metal part with step cross-section. Chinese Journal of Mechanical
Engineering, Volume 23, Issue 2, Pages 161-165.

Shao, W., Guo, J.J., Zhou, A.W., 2009, A Framework for Measurement and Analysis of Sheet Metal
Parts. Proceedings of the 2009 Second International Conference on Intelligent Computation
Technology and Automation, Volume 2, Pages 363-366, IEEE Computer Society, Washington,
DC, USA.

Verlinden, B., Duflou, J.R., Collin, P., and Cattrysse, D., 2008, Cost estimation for sheet metal parts
using multiple regression and artificial neural networks: A case study. International Journal of
Production Economics, Volume 111, Issue 2, Pages 484-492.

Xie, S.Q. and Zhang, W.J., 2008, Optimal sheet metal process planning: an agent-based approach.
International Journal of Mechatronics and Manufacturing Systems, Volume 1, Issue 1, Pages
131-153.

Zhou K.H., 1989, The Calculation Methodology of the unfolded parts. National Industrial Publish-
ing house, Beijing.



Part IV

Product Development Methods,
Algorithms and Tools



Part IV of the book introduces the new methods, algorithms and tools we have de-
veloped to support rapid OKP product development. These methods, algorithms and
tools have been developed for typical applications in the OKP field and have been
implemented in practice. Our findings are that these methods, algorithms and tools
are capable of being used in the development of other OKP products. In this book,
detailed examples are given so that they can be used as references for readers to
develop their own OKP systems.

Chapter 11 presents a cost estimation and optimisation system, which is a part
or subsystem of an integrated PD system. The PD cost under consideration in this
chapter is the sum of the costs of product design, production and logistics, which is
the main cost of a product. Some other possible costs associated with a PD cycle,
e.g. overhead costs, are normally proportional to this main PD cost and in practice
they are estimated by multiplying a constant percentage to the PD cost. Unlike some
earlier research which focused on the cost estimate in a single manufacturing com-
pany, this cost estimation system aims at the PD cost estimate and optimal control
under the complexities of a global manufacturing environment. The proposed cost
estimate and optimal control system has been implemented in a sheet metal manu-
facturing company.

Chapter 12 reports on research work that aims at developing an integrated data
structure to support RPD in an Internet environment. The emphasis is placed on in-
tegrated data management and reuse of past product development experience to sup-
port a company’s aim to shorten its PD cycle. The integrated global data structure
model was modelled using EXPRESS from STEP with consideration of real-time
data communication within the Internet environment. In terms of this data struc-
ture, a design/manufacturing knowledge base was developed as a major part of the
WWW-based PD system. The basic principles and concepts of the knowledge base
and the WWW-based knowledge management system are presented. An industrial
implementation is also reported.

Because efficient management of product information that covers the whole life
cycle is critical to the enhancement of corporate competitiveness, Chapter 13 ex-
plores the design and development of a WWW-based PD information management
system for a cross-nation manufacturing corporation in New Zealand. Since prod-
uct data are often managed in a distributed computing environment, CORBA is em-
ployed to ensure interoperability among distributed information objects.

Internet-based “Design for X (DFX)” systems have been recognised as efficient
tools for implementing concurrent engineering and playing a key role in RPD.
Internet-based DFX or IDFX systems can be applied by manufacturing compa-
nies to rapidly produce high quality products with low costs and thus higher prof-
its. However, the implementation of IDFX systems is not an easy task. Chapter 14
presents two typical applications of IDFX, i.e. Internet-based design for manufac-
ture (IDFM) and Internet-based design for cost (IDFC) systems, for rapid and eco-
nomical tool-/mould-making.

Process planning is very important in the OKP industry as global competition to
reduce product cost intensifies. An optimal process planner can maximise the util-
isation of costly raw material resources, improve machining efficiency, and hence
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reduce product cost. Chapter 15 explores algorithms for solving the path planning is-
sue. This work uses sheet metal products as examples and investigates the problems
using genetic algorithms. The proposed genetic algorithm approach uses a genetic
encoding scheme and a genetic reproduction strategy to reach an optimum solution.
The effectiveness of the genetic algorithm path planning approach is compared with
the “ant colony” algorithm.



Chapter 11

Cost Estimation and Optimisation Framework
for Rapid Product Development

Abstract The ultimate goal of mass customisation is to achieve economies of both
scope and scale. This goal implies a conflict between customisation and economy
of scale (or mass production) in the traditional manufacturing paradigm. However,
recent developments in computer and Internet communication technologies, along
with concurrent engineering, as well as modular design methodology provide con-
cepts, methods and technology infrastructure for realising mass customisation. One
of the findings from numerous research efforts on mass customisation is the use of
e-commerce technologies to manage a product development chain that links cus-
tomers, suppliers and manufacturers together to approach concurrently customised
products in a short time and at the low cost level of mass production, which is the
very definition of mass customisation. To ensure the success of mass customisation
in a product development (PD) chain, a rapid, automatic yet accurate cost estimate
and control system is needed. This chapter presents a novel cost index structure,
together with two novel cost estimate methods, namely the generative cost estimate
method and the variant cost estimate method, used for the development of a semi-
automatic or fully automatic computer aided cost estimate and control system in
mass customisation. Finally, an industrial case is reported to illustrate the principles
and feasibility of the proposed data structure, methods and system framework.

11.1 Introduction

In the early stages of a PD process, an estimation of the development product life
cycle cost is the primary piece of information that will be needed to determine the
profitability of the product. The more reliable the cost estimate process is, the more
likely the right decision will be made. This has become an important issue for RPD.
In this chapter, an Internet-based cost estimation and optimisation system, a part or
subsystem of the IRPD system, will be reported. The PD cost under consideration in
this chapter is the sum of the costs of product design, production and logistics, which
are the main costs of a product. Some other possible costs associated with a PD
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cycle, e.g., overhead costs, are normally proportional to this main PD cost and in
practice are estimated by multiplying the PD cost by a constant percentage. Unlike
earlier research that focused on the cost estimate in a single manufacturing company,
this Internet-based cost estimation system aims at estimating the PD cost estimate
and optimal control under the complexities of a global manufacturing environment.
The proposed “cost estimate and optimal control” system has been implemented in
a sheet metal manufacturing company. This industrial implementation will also be
reported in this chapter to demonstrate the principles of the system.

In today’s competitive global market, a short PD cycle time and high quality
product with reasonable cost are becoming more and more critical for small or
medium sized manufacturing companies to survive. In particular, the PD cost nor-
mally determines the market share, profitability and return on investment of small
or medium sized manufacturing companies. To control PD cost at early PD stages
is, in turn, a problem of how to accurately estimate the possible cost associated with
a PD cycle. Estimates of PD cost are closely related to the selection of a mix of pro-
duction development processes, which can fully meet the customer’s requirements
with a lowest sum of costs of these selected processes. Hence, it is necessary to de-
velop new methods and tools for small or medium sized manufacturing companies
to rationally select proper PD processes, accurately estimate and optimally control
the PD cost.

Cost estimation and reduction have always been of great concern in a PD cycle
(Romero Rojo et al. 2009). In recent years, research aiming to improve a manufac-
turing company’s PD ability has been focused on two aspects: how to shorten the
PD cycle time; and how to reduce the PD cost. In fact, these two aspects are inter-
related. A shorter product cycle time will normally result in a lower PD cost. On
the other hand, optimally controlling the PD cost usually leads to a shorter PD cycle
time (Castagne et al. 2008). Hence, research projects studying either PD cycle time
or PD cost aim to achieve the same goal, i.e., rapid and economical PD, from two
different angles.

To estimate and optimally control PD cost in today’s global competitive manu-
facturing market, several issues need to be researched. First, PD in a global man-
ufacturing environment has been proved to have the advantages of agility, often
providing quick and cheap solutions for some parts or even the whole PD from the
partners or subcontractors, and yet effectively applying state-of-the-art technology
to address the customer’s requirement in a global competitive environment. How-
ever, a well-established PD management system (e.g., cost estimate and optimal
control system) in a global manufacturing environment is still under development.
Although a relatively large number of papers and reports have addressed the cost
estimate and control problems in various PD processes (such as design, manufactur-
ing and logistics chain management), these methodologies were normally developed
based on cases in individual companies rather than in a global manufacturing envi-
ronment. In a global manufacturing environment, a manufacturing company (nor-
mally called the master company) may carry out a PD cycle through collaboration
among its partners or subcontractors. These partners and subcontractors may use
different PD management systems and computer aided engineering software sys-
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tems. To effectively communicate, share the necessary information, integrate the
effort and optimally control the PD cost between the master company and its part-
ners/subcontractors are the problems which need to be addressed by this research,
which aims to develop a PD cost estimate and optimal control system in a global
manufacturing environment.

Second, no matter whether it is a global manufacturing environment or an indi-
vidual manufacturing company, PD cost estimate and control is an interdependent
and correlated problem. It is influenced and dynamically determined by a number of
preconditions. The cost of product design, for instance, will be strongly influenced
by the quality of the product definition. Correctly understanding the customer’s
requirements and hence having a clear product definition will normally result in
a quick and successful product design with a lower product design cost, which is
mainly determined by the total engineer-hours used (Tu et al. 2002). Likewise, the
cost of manufacturing a part is normally affected by the design of the part. The
final form of the part design, which includes the geometry, surface, tolerance and
property specifications of the part, either directly or indirectly influences the se-
lection of manufacturing processes and hence the cost of manufacturing the part.
The bad experiences gained from manufacturing industries, particularly from sheet
metal manufacturing companies, show that decisions made at the design stage with-
out PD costing considerations normally result in a wrong PD cycle/process chosen.
A wrong PD cycle will let the company suffer a longer PD cycle time due to re-
works, a poorer product design and manufacturing process that is often indicated by
lower customer satisfaction, and hence higher PD cost.

Finally, I should point out that most developed or existing cost estimate and con-
trol methods and systems as reported in the literature have problems which cannot
be directly adopted in the IRPD system. The detailed discussions on the shortcom-
ings or limits of these developed methods and systems are given in Section 11.2.
These methods and systems need to be modified or further developed so that they
can be applied to address the complexity and uncertainty of a PD process in a global
manufacturing environment.

The PD cost estimate and control is no doubt an effective tool to monitor a PD
cycle. The cost estimate results can be used as important reference parameters or
indicators to check the feasibility and profitability of developing a new product. It
is well known from experience that rework downstream in a PD process, e.g., re-
work in manufacturing, is more costly than corrections made in earlier PD stages,
e.g., in design. PD cost estimate and control is obviously a planning and control
activity which has taken place at earlier PD stages. Accurately estimating and opti-
mally controlling the cost of PD is crucial to shorten PD cycle time and reduce PD
cost. To develop useful methods, algorithms and a system framework to support this
planning and control activity at early PD stages is very important for OKP manufac-
turing companies in order to improve their position in the market, particularly for
small or medium sized OKP manufacturing companies.

This chapter starts with a review of related research work and discussions of
limits and shortcomings of these developed methods, algorithms and systems as
reported in the literature for PD cost estimate and control. Then, following this liter-
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ature review, an Internet-based system for PD cost estimate and control in a global
manufacturing environment is proposed. This system was developed as a decision
support tool for product developers to make decisions or selections among possi-
ble design alternatives, manufacturing processes and different ways of managing
a product logistic chain under considerations of the PD cost and cycle time. To es-
timate and control the cost of product manufacture and logistics, based on product
structure, a “cost index structure” is proposed. To address the communication and
data transfer problems in a global manufacturing environment, the STEP has been
adopted in the cost index structure to model product data related to costing and other
relevant information through a PD life cycle. To demonstrate the principles of the
proposed system, data structure, methods and algorithms for PD cost estimate and
control in a global manufacturing environment, a case study for developing a sheet
metal parts/products is reported.

11.2 Literature Review

The ability to rapidly and economically develop a product has attracted much atten-
tion from industrial practitioners and academic scholars. Quite a few research papers
have been found which address the problems of rapid and economic PD from the
point of view of PD cost estimation and control, such as design for cost (DFC) and
economical manufacturing (Ou-Yang and Lin 1997), neural-network-based costing
and control (Bode 2000), cost estimation based on information management (Hu-
bert et al. 1999), concurrent costing (Ou-Yang et al. 1997, Bernard et al. 2007), and
activity-based costing (Koltai et al. 2000). However, all these papers addressed prob-
lems in an individual manufacturing company, and did not take into consideration
the dynamic relationships among the manufacturing partners and the complexity of
cost estimation and control in a global manufacturing environment.

As indicated by Becker and Prischmann (1993), the accuracy or reliability of
a PD cost estimate increases as PD progresses. A PD cost estimate at an early PD
stage is normally very rough and unreliable. Sometimes, an overestimated PD cost
of a product at an early PD stage may mislead a company into giving up a product
that may have had great potential in the market. On the other hand, an underesti-
mated PD cost may trap the company into an extensive investment, and end with
a product that has only little or no market share. Hence to correctly estimate the
PD cost of a product at an early PD stage is very important for rapid and economi-
cal PD.

To support decision-making in the early PD stages, much research effort has
been made in cost estimation at the early PD stages. Typical approaches include
parametric-oriented costing, similarity-based costing, activity-based costing, de-
tailed cost estimation, life cycle costing, learning curve costing and neural-network-
based costing (Smunt 1999, Tamas et al. 2000, Bode et al. 1998, 2000). Monden and
Lee (1993) reported a cost estimate system called Kaizen Costing. This system was
used for budgetary control and cost reduction of PD. Horvath et al. (1994) proposed



11.2 Literature Review 243

a standard costing system to meet cost limits (or standards) set by the management.
Kawada and Johnson (1993) presented an accurate cost estimation system to sup-
port strategic management accounting. Cawthorne-Nugent et al. (1989) developed
a computer aided costing system which employed knowledge base technology and
the cost models associated with part features. Marx et al. (1998) further reported an-
other application of knowledge base technology for PD cost estimation. At early PD
stages, there is not enough information and clear functional relationships between
the product attributes and costs as well as the ambiguity of prices or costs from sup-
pliers. Some artificial intelligence (AI) techniques and fuzzy logic techniques, such
as learning curves (Becker and Prischmann 1993, Nadeau et al. 2010), neural net-
works (Tu and Jiang 1997, Ju and Xi 2008), and self-learn methodologies (Zhang
and Fuh 1998) have been applied to PD cost estimation.

Manufacturing cost is always an important factor influencing early decision-
making on product design, process planning, product manufacture and final market
share of the product. It is a major part of the overall PD cost as it is the cost of
making the product. Usually, to determine the manufacturing cost of a product, a lot
of detailed data will be needed, such as selected manufacturing processes and the
sequence of the processes, processing times of the processes, hourly rates for labour
forces and machines, raw material cost, subcontractor cost, transportation cost, lo-
gistic chain (i.e., supply and delivery chain) management cost, overhead cost, and
equipment depreciation and maintenance cost. Traditionally, manufacturing cost is
estimated by adding up all these costs. The computer is often used as a compu-
tational tool to speed this summation. Typical examples applying this traditional
manufacturing cost estimation method can be found in Casey (1987), Goldberg
(1987) and Ostwald (1984). Winbourne and Toolsie (1991) proposed a manufac-
turing cost estimation system that can be used at an early product design stage to
estimate the manufacturing cost of the product under the uncertainty and ambigu-
ity of the manufacturing process plan. A major drawback of this approach is that
the proposed system requires some initial estimates of cost-related product design
and manufacturing parameters, e.g., surface treatment, machine setup or tear-down
times, etc.

Like the aforementioned PD cost estimate research work, knowledge base tech-
nology has also been used in manufacturing cost estimation through storing the cost
partners indexed by the cost-related product design and manufacturing parameters
(Geiger and Dilts 1997). However, all these approaches did not indicate how to
correctly estimate the values of these cost-related product design and manufactur-
ing parameters. Wang and Bourne (1995) presented a manufacturing cost estimat-
ing system, called “totally integrated manufacturing cost estimating system” (TIM-
CES), which integrated the computer aided design (CAD) system, process plan-
ning system and cost estimate system. Inputs to this system include the selected
manufacturing processes, the sequences of the processes, and cost data for standard
components and manufacturing processes. It is obvious that the TIMCES is another
application of the traditional manufacturing cost estimate method. It needs a large
amount of complicated input data. Kamarthi et al. (1993) proposed a manufactur-
ing cost estimate system for sheet metal parts/products manufacturing. This system
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in fact used the cost as an important parameter to select manufacturing processes
and available machine tools with lower costs at every process planning stage. The
system only considered the standard process sequence and 2D shape of sheet metal
parts/products.

In summary, all the aforementioned cost estimate methods or systems can be con-
sidered as the application of one or more of the following three basic cost estimate
methods:

1. The function-based costing method: this method estimates PD cost through de-
composing a product into generic or standard functional modules and quotes
the costs for these generic or standard functional modules according to previous
experience or the market price of these functional modules.

2. The similarity-based costing method: this method predicts PD cost by searching
for cost information on similar products made in the past.

3. The expenditure-based costing method: this method estimates PD cost by listing
all the possible expenditures associated with the PD cycle and quotes the costs
for these expenditures based on reference prices stored in a costing knowledge
base. The key point in applying this method is to properly decompose a PD
process into basic expenditures to be easily quoted according to standard mar-
ket prices or previous experience. The activity-based cost estimate methods or
system are typical applications of this cost estimate method.

These basic cost estimation methods are also used alone or in combination in the PD
cost estimate system to estimate the cost of a manufacturing process, a component,
or a consumed manufacturing resource. However, the major drawbacks prevent-
ing direct adoption of these cost estimate systems (as described in the literature)
are:

1. All the research reported in the literature was focused on problems in an individ-
ual manufacturing company rather than in a global manufacturing environment.

2. Nearly all the research work reported assumed that the processes through a PD
cycle were carried out sequentially rather than concurrently, which is more com-
mon in today’s small or medium sized manufacturing companies in order to
rapidly and economically develop a product to meet customer needs.

3. The proposed cost estimate systems are not able to dynamically and flexibly
cope with some problems peculiar to the global manufacturing environment.
These include relatively frequent changes of product design and process plan
due to customer requirement changes or the involvement of a partner or subcon-
tractor; a quicker price or cost change in a global market; higher uncertainty and
ambiguity of product design and manufacturing processes at early PD stages for
a product to be developed in a global manufacturing environment; complicated
cost estimation and optimal control through searching an available manufactur-
ing resource in a global manufacturing environment.

In this chapter, a PD cost estimation system is proposed. It is a part of a rapid and
economic PD system in a global manufacturing environment. This cost estimate sys-
tem communicates with the other subsystems or modules in the PD system through
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computer intra/Internets. It was developed as a decision support system to help the
selection of alternative design proposals, manufacturing processes, manufacturing
resources and partners/subcontractors from a cost optimisation point of view. As
stated earlier in this chapter, to control PD cost is in fact to speed up a PD cycle
or shorten the PD cycle time. It interactively communicates and works with all the
other subsystems and models of the PD system to incrementally and concurrently
develop a product feature by feature. To test the feasibility of the proposed cost es-
timate system, it has been implemented in a sheet metal manufacturing company to
develop a sheet metal part. This industrial implementation is also reported in later
sections of this chapter.

11.3 Overall System Structure of the Rapid and Economic
Product Development

Figure 11.1 shows the overall structure of the rapid and economic PD system, which
was developed for small or medium sized manufacturing companies to quickly re-
spond to and meet the customer’s needs. The system includes five subsystems, i.e.,
product design, manufacturing process planning and optimisation system, opera-
tions management system, cost estimate and optimal control system, and logistics
management system. These five subsystems can communicate with each other via

Customer
Requirements

v

Product
Design

»  Product Definition |« > CAD/CAM

] ]
v L2

Product Production Structure

I s S S

Manufacturing

Cost Estimate

Process Operations and Optimal Logistics
Planning and Management p Management
BN Control
Optimization System System
System
System

! ! { {

4{ Computer Intra/Internet Communication Management )47

Figure 11.1 The overall structure of the rapid and economic product development system




246 11 Cost Estimation and Optimisation Framework for Rapid Product Development

computer intra/internets. At early PD stages, these five subsystems work together
to generate an electronic file called the “product production structure” as shown in
Figure 11.1. A product production structure is an integrated product data model,
which can store all the necessary data through a product life cycle hierarchically in
a common object. In this common object, the data is recorded in EXPRESS from
STEP. Hence, all kinds of computer aided engineering and management software
packages should be able to operate this common object. This data model provides
feasible solutions to build automatic links between the data for product design, pro-
cess planning, logistics management (i.e., supply, partner and subcontractor chain
management), production scheduling and costing. For a detailed description of this
product model, please refer to Chapter 11. In later PD stages, i.e., product proto-
type development and final production stages, these sub-systems, as shown in Fig-
ure 11.1, adapt to changes to the product production structure to cope with possible
changes required by the customer, suppliers, partners, subcontractors and the com-
pany itself. During the production stage, these subsystems work as optimal planning
and control systems to control the production to stick to what was designed and
planned in the product production structure.

In the PD system as shown in Figure 11.1, the “product design” subsystem
converts customer’s requirements into a product design, i.e., an engineering draw-
ing plus product property and manufacturing requirement specifications. However,
this design subsystem does not work like a traditional product design system,
which designs a product in one go. It follows a concurrent engineering principle
called “prototype-based incremental PD” (Tu et al. 2000a) to incrementally de-
sign a product feature by feature and concurrently search or plan all the neces-
sary data for making the designed feature. This product design system consists of
a computer aided customer interface which was developed through applying the
QFD method to convert the customer’s requirements into the technical attributes
of a product as addressed in Chapter 3. Based on the technical attributes, the
search model searches for a similar product or similar products made in the past.
The similar product(s) are used as the prototype(s) of the product to be devel-
oped to meet customer’s needs. The product designer can design products through
modifying the features of the prototype(s) or adding new features to the proto-
type(s), according to customer’s requirements, in an incremental or feature-by-
feature manner.

After a feature is modified or designed by product designers, the “manufacturing
process planning and optimisation system” searches for suitable manufacturing pro-
cesses from a GT (group technology) code index manufacturing process knowledge
base, or plan the processes through computer simulation technology or shop floor
test if the processes cannot be found in the knowledge base (Tu et al. 2000c). It also
uses a manufacturing process optimisation model to optimise the manufacturing
processes, e.g., tool selection and shortest path planning for a CNC cutting process.
Through the “logistics management system”, it can search for alternative processes
from the company’s partners and subcontractors. As reported in Chapter 9, this pro-
cess planning and optimisation system plans alternative or optional manufacturing
processes to create the modified or designed feature of the product. Selection among
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these alternative or optional processes is determined by the estimated costs of these
processes, which will be provided by the “cost estimate and optimal control system”
as shown in Figure 11.1. Finally, the selected manufacturing processes will be added
into the product production structure as part of the product data.

The “operations management system” provides information on the production
schedule, manufacturing resource availability or plan, and inventory of raw materi-
als or/and components, which is relevant to a manufacturing process as planned by
the manufacturing process planning and optimisation system. It should be pointed
out that the operations management system manages the necessary manufacturing
resources and materials not only inside a manufacturing company but also from the
company’s suppliers, partners and subcontractors via the logistics management sys-
tem. The data managed and provided by this sub-system is in a global manufactur-
ing environment. These global operations management data will be added into the
product production structure as a part of the product data together with the designed
feature and planned processes.

The logistics management system consists of a database called “logistics knowl-
edge base” to record all the necessary data of the company’s suppliers, partners,
and subcontractors, such as their addresses, products (used as parts or components)
or services (used as possible outsourced processes), prices, delivery times, qual-
ity/reliability/reputation (measured by “excellent”, “good”, “average”, and “poor”),
manufacturability (e.g., special equipment, unique experience or process, special
surface treatment, efc.), and transportation means and costs. This logistics knowl-
edge base can be accessed and retrieved via intra/internets (Tu and Xie 2000). In
addition to this knowledge base, the logistics management system also consists of
an “enquiry and quotation” process model, a web page management model and an
automatic e-mail sending, receiving and processing system. The enquiry and quo-
tation process model can be used to formulate an enquiry on the company’s web
page for purchasing a material, component, or a manufacturing process from possi-
ble suppliers, partners or subcontractors globally. It links directly with the logistics
knowledge base. Through opening part of the logistics knowledge base to the public,
the possible suppliers, partners or subcontractors can directly “write” their responses
into the logistics knowledge base, which can be further sorted and processed by the
enquiry and quotation process model to select the best supplier, partner or subcon-
tractor. The web page management model is used to manage the company’s web
page. The automatic e-mail sending, receiving and processing model manages and
controls the company’s communications with its suppliers, partners, and subcon-
tractors. Normally, these e-mails are in a standard format, which looks like a data
table but with hyperlinks. They are automatically processed by the model and the
necessary data is extracted from these reply e-mails, such as company’s names and
detailed addresses, costs/prices of the materials or processes, delivery times, trans-
portation means, sample products or past works (in forms of electronic photos or
engineering drawings) to show their ability to provide a wanted component or man-
ufacturing process, etc. These logistics data are added into the product production
structure together with the feature, manufacturing processes, and operations man-
agement data.
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The “cost estimate and optimal control system” consists of a cost index structure,
a knowledge base and some cost optimisation models. It will be further discussed in
the following sections.

The computer aided PD system as shown in Figure 11.1 can be operated by
a product designer or developer to design a product, to plan how to make the product
and to quote the cost of the product concurrently or incrementally in feature by
feature manner. Since all the subsystems described above communicate with each
other through intra/internets, several engineers at different places in a company or
the world who collaborate in the development of a customised product can also use
this PD system. We believe this system is much more efficient and advanced than
today’s commercial CAD/CAM systems which are widely used to support product
design in the manufacturing industry.

Before discussing the cost estimate and optimal control system, I would like to
define PD cost:

PD cost = Cyq + Cp (11.1)

where Cyz4 is product definition and design cost and C), is product production cost.

Product definition and design cost is determined by the time consumed by the
product design engineers. To directly control these times does not make any sense
since the main goal of product definition and design is to design a product with high
quality. A high quality product means the product will provide maximum satisfac-
tion for the customer. Hence a linear programming model was developed to max-
imise the customer’s satisfaction under the constraints of customer’s requirements,
technical constraints, resource constraints and a given product definition and design
budget (measured in dollars), which is normally decided by the company’s manage-
ment according to the company’s marketing strategy and past experience (Tu et al.
2002). This means the product definition and design cost will not be estimated and
controlled by the cost estimate and optimal control system. The costing subsystem
in the PD system as shown in Figure 11.1 estimates and controls the total product
manufacture and logistics cost.

The product production cost is the sum of the costs of all the manufacturing
processes. The cost of a manufacturing process includes:

1. Test and possible rework fees due to the difficulty of the process.

2. The total consumption of the necessary manufacturing resources to carry out the
process, including the consumptions of workforce, machines, and tools.

3. The total logistics cost for purchasing and/or transporting raw material, compo-
nent or outsourced manufacturing processes, and relevant logistics management
cost (e.g., communication cost and paper/data management cost). If a manufac-
turing process is outsourced or subcontracted, it only includes this logistics cost.
If a raw material or component is within the company, the logistics cost for this
raw material or component equals the price of the material or component plus
inventory and material handling cost in the company. In short, to simplify the
cost estimate and control process in a global environment, material handling and
purchasing cost are considered to be part of the logistics cost.
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11.4 Cost Index Structure

To estimate and control the manufacture cost and logistics cost of a PD, a cost index
structure was developed, and is illustrated in Figure 11.2. In accordance with the
product production structure, which is a hierarchical common object data model, the
cost index structure adopts the same hierarchy as the product production structure.
As shown in Figure 11.2, a manufacturing process is associated with a cost index.
A cost index includes three generic data classes, viz. adding, resource and logistics,
which are associated with the possible three costs of a manufacturing process as dis-
cussed at the end of Section 11.3. “Adding” means adding cost to a manufacturing
process. It is used to pay for the possible test and rework due to the difficulty of the
process. The difficulty of a process is determined by the design of a product, part,
component or feature, e.g., geometry, surface finishing or treatment requirements,
special tolerance and machining requirements, efc. “Resource” means resource cost
or consumption of manufacturing resources as discussed in Section 11.3. “Logis-
tics” means logistics cost as discussed in Section 11.3. Likewise in the product
production structure, these cost data classes are written in EXPRESS from STEP
so that they can be accessed and retrieved by different computer software systems.
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The idea to build the cost index structure in a hierarchy is to keep in line with
the overall product production structure. This is also a natural or logical way to es-
timate, control and record the cost of a product production, from bottom up (feature
level) to the top product level. It is obvious that the cost of a feature, which is added
to a component, is a part of the cost of the component. Likewise, the costs of com-
ponents that are used to assemble a part are a major part of the part cost, and the
product cost is determined by the costs of the parts that are finally assembled into
the product. Hence, the cost estimate and optimal control system estimates the cost
of the production of a product from the bottom level up to the top level of the hier-
archy, as shown in Figure 11.2. The models, e.g., cost estimate and control models
on the component level, will try to estimate or search for the cost data (i.e., adding,
resource, and logistics) for the generic cost index associated with each manufactur-
ing process by using the cost data from the cost modules at the lower level (e.g.,
cost estimate and control models at feature level), the costing knowledge base, and
the logistics management system. As shown in Figure 11.2, the logistics manage-
ment system also includes a number of logistics models which are hierarchically
organised from the feature level at the bottom up to the product level at the top.

Using the cost index hierarchy as shown in Figure 11.2, a product production
cost can be decomposed from level to level into detailed expenditures or indexes.
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In fact most of these expenditures on lower levels of the cost index structure can
be directly estimated using the price of a standard component, part, or the cost of
a common manufacturing process. To minimise PD cost design engineers always try
to design the product using as many of these standard components, parts and com-
mon manufacturing processes as possible. Also in practice, the costs of quite a few
manufacturing processes normally on a higher level of the cost index structure can
be derived using linear combinations of these standard prices or costs of common
processes. Hence, a costing knowledge base was developed as an important part of
the cost estimate and optimal control system to structurally record these standard
prices and costs of common processes. However, it is difficult to propose a general
data structure to build such a costing database for all kinds of manufacturing busi-
nesses. The data structure of a costing knowledge base for a particular manufactur-
ing business (e.g., sheet metal manufacturing) is related to the special manufacturing
requirements and practices in that type of manufacturing. Figure 11.3 shows a cost-
ing knowledge base that was developed for sheet metal manufacturing. It is obvious
that this costing knowledge base does not fit, say, mould/tool manufacturing.

However, the cost index structure as proposed in Figure 11.2 is generic, and can
be applied to all kinds of manufacturing. To be in line with this cost index hierarchy,
the costing knowledge base needs to be developed to store costing data in a similar
hierarchical structure, i.e., the data tables in the database are linked and indexed
from a table, which records product data information in top down data tables that
record the features data information at the bottom.

11.5 Cost Estimation and Optimisation

Using the cost index structure, the cost estimation and optimisation of the cost esti-
mate and optimal control system can be described in the following two stages.
Stage 1. Cost estimate. In this stage, the system needs to estimate the various
costs of the cost indexes associated with the processes (see Figure 11.2) from the
feature level at the bottom up to the product level at the top. The inputs to the sys-
tem at this stage include manufacturing processes (including all the possible alter-
natives) planned by the manufacturing process planning and optimisation system
(see Figure 11.1), manufacturing resources (including all the possible alternatives)
and their cost rates and inventory records from the operations management system
(see Figure 11.1), quotations or prices from all possible suppliers, partners and sub-
contractors, which are searched and provided by the logistics management system
(see Figure 11.1), and the costs or prices of these standard components and man-
ufacturing processes from the costing knowledge base. With these input data, the
cost estimate and optimal control system will estimate costs or instances for these
generic cost indexes associated with the planned processes and their alternatives
using two cost estimate methods, viz. the “generative cost estimate method” and
the “variant and knowledge based cost estimate method”. These two methods are
described in the following subsections. The cost estimate is an incremental or evo-
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lutional process, which estimates the cost indexes feature by feature in line with the
overall incremental product design, and production planning process as implied by
the concept of prototype-based incremental PD (Tu et al. 2000c). It is not devel-
oped to estimate various costs of making a product in one go after a product has
been completely designed and planned for production. This incrementally designs
a product, plans the manufacturing processes, schedules manufacturing resources
and inventory, manages logistics and estimates costs feature by feature from the
bottom level of a product production structure up to the top level, and can provide
the overall PD system with strong flexibility to cope with the changes and uncertain-
ties in early product design stages. In particular, this incremental way of developing
a product and estimating the cost can provide in-time feedbacks or references to
support engineers’ decision-making on the selection of alternative designs, manu-
facturing processes, manufacturing resources and alternative suppliers, partners and
subcontractors. The shortages of this incremental method are the lack of global opti-
misation, and frequent and complicated communication management between these
subsystems as shown in Figure 11.1.

Stage 2. Cost optimisation. Cost optimisation means selection among alternative
designs, manufacturing processes, manufacturing resources, inventories, suppliers,
partners, and subcontractors, or combinations of these alternatives with lowest cost
or total costs. Manufacturing process optimisation, e.g., to find the shortest path
for CNC cutting, and operations optimisation, e.g., an optimal production schedule
with the shortest makespan, are not the tasks of cost optimisation. They are opti-
mising tasks of other subsystems, as shown in Figure 11.1, e.g., the manufacturing
process planning and optimisation system for sheet metal manufacturing includes
a shortest CNC path planning model as addressed in Chapter 9, and the operations
management for sheet metal manufacturing includes an optimal production schedul-
ing model (Tu 1997). It is obvious that these optimisations are carried out before the
cost optimisation, as they will help cost reduction. For cost optimisation, an op-
timal algorithm was developed for the selection of alternative operating routines
and supplier chains using dynamic programming (Tu et al. 1997). More generally,
a commercial computer simulation package, e.g., ProModel (by ProModel Corp.,
Orem, UT), Quest and VNC (by Deneb Inc., Dayton, OH), is used to develop sim-
ulation models to solve cost optimisation problems. If a manufacturing process or
a logistic chain consists of random variables or stochastic processes, Markov chains
(Zijm 1984) may be used to model the process or the logistic chain and hence a cost
optimisation heuristics or algorithm could be developed. This is now under research.

It should be mentioned that cost optimisation may be in conflict with other
optimisations. An operational routine suggested by the cost estimate and opti-
mal control system from the lowest cost point of view may be in conflict with
a production schedule suggested by the operations management system from the
minimum makespan point of view. This in fact leads to a problem of decision-
making with multiple objectives, lowest cost vs minimum makespan. The prob-
lem of decision-making with multiple objectives can be solved using rule-based or
heuristics/algorithm-based methods, such as the analytic hierarchy process (AHP),
pareto optimality and trade off curves, and goal programming (Winston 1994).
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11.5.1 Generative Cost Estimate Method

The generative cost estimate method is a pump line method. With the cost index
structure as shown in Figure 11.2 and the input data from all the other systems as
well as the price and cost data from the costing knowledge base, the cost estimate
and optimal control system can calculate the data or instances of the cost index as-
sociated with a process from the bottom level up to the top level of the cost index
structure. The cost index of punching a hole in sheet metal (a process at the feature
level), for example, can be determined by calculating adding cost, resource cost and
logistics cost. As mentioned before, the adding cost is decided according to the dif-
ficulty of the process, i.e., punching a hole in sheet metal for this example, and it
is the sum of the costs of the possible tests and reworks. The resource cost for this
example will be calculated by multiplying the standard cost rates of the manufac-
turing resources used (e.g., punch machine, tool and machine operator) by the times
of these manufacturing resources used. The standard cost rates were recorded in the
costing knowledge base and the times used can be provided by the manufacturing
process planning and optimisation system. The logistics cost is determined accord-
ing to whether this process needs to take a material or component into consideration
and how and where this material or component can be provided. To avoid the dupli-
cated cost data in these cost indexes, only the first process, which is amongst a group
of sequential processes to be carried out on a blank or a sheet metal, will take the
logistics cost of the blank or sheet metal into account. All the other succeeding pro-
cesses will not take the logistics cost of this blank or sheet metal into account in
their cost indexes under the logistics, or a zero (0) will be assigned to the logistics.
However, if a succeeding process needs to add a new material or component, under
the logistics of its cost index, the logistics cost of this new material or component
will be estimated and recorded. As mentioned before, the logistics cost is the sum
of the costs of the purchased item, transportation (material handling plus inven-
tory cost if the item is in the company), and communication. Normally, a supplier
will quote the transportation cost as a part of the quotation for providing an item.
Hence the logistics management system can provide the costs of the purchased item
and relevant transportations by enquiring for a quotation from suppliers. The com-
munication cost for sourcing items depends on the difficulty of sourcing this item.
According to previous experience, the management of a company can set up some
guidelines or controlled budgets for sourcing various items. These controlled bud-
gets are recorded in the costing knowledge base and can be used by the cost estimate
and optimal control system to quote or estimate the communication cost as a part of
the logistics cost of getting a required item. If a process is outsourced, e.g., a sub-
contracted process, it has only the logistics cost in its cost index and the other two
terms will be zero.

When all the cost indexes have fixed data or instances, the production cost of
a component, part or product can be calculated by the cost estimate and optimal
control system through adding up all the cost data in the cost indexes associated with
these processes which are under and linked (directly or indirectly) to the component,
part or product in the cost index structure.
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11.5.2 Variant and Knowledge-based Cost Estimate Method

As implied by the discussions in the previous section, the generative cost estimate
method can only be used to estimate the costs of standard components and pro-
cesses. For non-standard or “new” components and processes that are required by
the product design to address particular customer requirements, the variant and
knowledge based cost estimate method needs to be employed. This method esti-
mates the cost of a component or process through searching and comparing the
similarities between the developing product and the products that were made in the
past. As shown in Figure 11.1, all the products previously made would have prod-
uct production structures that are integrated product data models. According to the
discussions in this chapter, it is obvious that these product data models include cost
indexes for all the manufacturing processes. In fact, after a product is made in the
company, its final version of product data model (or product production structure) is
recorded in the product database, which is the main part of the design/manufacturing
knowledge base of the PD system, as shown in Figure 11.1. By searching this de-
sign/manufacturing knowledge base, the cost estimate and optimal control system
may find the cost index of a process, which is in a previously-made product produc-
tion structure. This is similar to the process used in the development of the product.
The cost estimate and optimal control system search for a similar process by fol-
lowing a GT (group technology) coding system (Tu et al. 2000c) and the product
production structures are stored and retrieved in the design/manufacturing knowl-
edge base according to the same GT coding system. Similar processes in the de-
sign/manufacturing knowledge base have the same process codes. If a process in the
new product is a combination of several primary processes, the cost estimate and op-
timal control system will search for the cost indexes of the these primary processes
and then determine the cost index for this combined process through adding up the
cost indexes of these primary processes. A reference number rather than a GT code
will be assigned to this combined process that is stored in the design/knowledge base
as a part of the product production structure. It will not be re-used or searched by
the cost estimate and optimal control system or the manufacturing process planning
and optimisation system.

11.5.3 Considerations of Cost Estimate

Based on the experience gained from this research and industrial implementations,
by using the two cost estimate methods as discussed in Sections 11.5.1 and 11.5.2,
the cost estimate and optimal control system can estimate cost indexes for most
planned manufacturing processes. However, there are still some processes that can-
not be estimated automatically using either method. In this circumstance, the system
shows these processes on the screen and asks the product developers to determine
cost indexes for these processes. For a combined process, if the system cannot find
the cost indexes for some of the primary processes from the design/manufacturing
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knowledge base, the system shows these primary processes on the screen, waits for
a manual costing for these primary processes, and then decides the cost index for
the combined process.

Another problem for cost estimating is that the cost of a component or outsourced
process is within a fuzzy cost domain, i.e., from a lowest to a highest cost. In this
circumstance, a neural-network-based algorithm plus some evaluation rules can be
used to infer a most likely cost of the component or the outsourced process. Tu and
Jiang (1997) discussed this algorithm and the evaluation rules.

The third problem in cost estimation and optimisation is a conflict between cost
optimisation and the reliability of suppliers. In practice, the cheapest cost normally
implies an unreliable supplier. The management of a company can solve this prob-
lem through choosing proper quality and marketing policies, e.g., only accept quo-
tations from reliable suppliers, partners or subcontractors.

11.6 Implementation of the Cost Estimate
and Optimal Control System

The proposed cost estimate and optimal control system has been implemented in
a sheet metal manufacturing company. The main principles of the cost estimation
and optimisation system are discussed using the example of development of a sheet
metal part as shown in Figure 11.4.

11.6.1 Example Scenario and System Description

As shown in Figure 11.4, the example is a sheet metal part which is part of a sheet
metal product. To simplify the discussions here, I show only this sheet metal part and

Figure 11.4 Example part
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not the whole sheet metal product. However, the readers can imagine that through
a number of assembly processes this part will be finally assembled into the product.

This sheet metal part can be made by using CNC sheet metal punching machines
or a CNC laser-cutting machine to punch or cut these holes, rectangles, and polygons
on a flat metal sheet, and it is then formed by a bending machine into the final shape.
The punching or cutting processes for making these holes, rectangles and polygons
are indicated by F1 through F20, as shown in Figure 11.4. The part starts as a flat
sheet that includes only one face, as indicated by P1 in Figure 11.4. After four
bending processes, as indicated by B1 through B4 as shown in Figure 11.4, the final
part will have five different faces, i.e., P2 through P5 as shown in Figure 11.4, in
addition to P1.

The overall PD system as its structure illustrated in Figure 11.1 includes the
following subsystems:

1. Computer aided product definition system: this system was coded using Visual
C in association with Microsoft Excel. By using the QFD functions, the system
converts the customer’s requirements into the technical attributes of the product,
as addressed in Chapter 4.

2. Computer aided product design system: Pro/ENGINEER is used as the com-
puter aided product design system. However, a prototype search model and an
interface model were coded using C and integrated with the Pro/ENGINEER
system through its application program interface (API). The prototype search
model is able to search for prototypes, i.e., products made in the past, which
have the most similar technical attributes to the product to be developed. These
prototypes are modified into the customer-wanted product according to the
concept of prototype-based incremental PD. The interface model is used by
Pro/ENGINEER to read and write the product production structure.

3. Manufacturing process planning and optimisation system: this system was

coded in C+4+. To meet the special requirements of sheet metal manufacturing,
this system includes a nesting model and a CNC tool path-planning model in
addition to the process-planning model. The nesting model can be used to auto-
matically plan a cutting layout so that the trim loss can be minimised. The CNC
tool path model was developed to optimally plan the CNC cutting or punching
paths so that the total cutting time can be minimised. A screen printout of this
system is shown in Figure 11.5 (Xie et al. 2001a).
Figure 11.5 shows a tool path planning process to be automatically carried out
by the system. The parts as shown in Figure 11.5 have been nested by the system,
i.e., properly placed on a given size of sheet so that the material waste or trim-
loss is minimised. The part as shown in Figure 6.4 does not need the nesting
optimisation but it needs the tool path planning so that these features could be
punched or cut efficiently.

4. Operations management system: this was coded in C++ and used to sched-
ule shop floor operations and control the inventory through the communication
with the company’s MRP (manufacturing resource planning) or ERP (enterprise
resource planning) system.
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Figure 11.5 A screen printout from the manufacturing process planning and optimisation system
for sheet metal parts

5. Logistics management system: this was coded in Java. The HTML and XML
languages as well as common gateway interface (CGI) were used to write the
web pages and to manage communication through computer intra/internets (Tu
et al. 2000a).

6. Cost estimate and optimal control system: this was code in C++ based on the
cost estimate and optimisation methods and algorithms as discussed or men-
tioned in Section 11.5.

All these subsystems can communicate with each other through computer in-
tra/internets.

11.6.2 Cost Estimate and Optimisation for Making
the Example Part

First, based on the generic cost index structure as shown in Figure 11.2, the cost in-
dex structure for the case part can be drawn and illustrated in Figure 11.6. As shown
in Figure 11.6, the part can be made by sequentially carrying out 24 punching or
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Figure 11.6 Cost index structure of the example part

laser cutting and sheet metal forming processes. Some product states have been in-
serted into the manufacturing process chain. “P1” means the blank sheet which has
one face P1. After the folding process B3, the semi-finished part will have two faces,
P1 and P3. After the other forming processes, the part will have its final shape that
includes 5 faces, P1 through P5. The manufacturing process planning and optimisa-
tion system determines the sequence of the processes as shown in Figure 11.6.

The first process, i.e., F1 as shown in Figure 11.6, consists of the logistics cost
in its cost index. The rest of the punching or cutting processes will not include
a logistics cost if they can be carried out in one machine and do not need to be
transported to other machines. The first folding process, B3, includes a logistics
cost in its cost index. This is the cost for transporting the semi-finished part from
the punching or laser cutting machine to a folding machine. The logistics cost of the
rest of the folding processes will be zero if these folding processes can be completed
in one folding machine.

In short, by using the methods (including the manual cost estimate) as discussed
in Section 11.5, the cost indexes for all the manufacturing processes can be decided.
After these cost indexes have been estimated, the cost estimate and control system
carries out the cost optimisation if it is necessary. As mentioned in Section 11.5,
the cost estimation is in fact a selection among alternative designs, manufacturing
processes, or operation routines based on cost optimal (or cheapest cost) criterion.

First, let us assume that the 20 machining features (i.e., F1 through F20 as shown
in Figure 11.4) can be carried out in two alternative ways, i.e., 1. using a CNC punch
machine to punch all 20 features, and 2. using a laser cutting machine to cut the two
polygons (F1 and F2) first and then using a punch machine to punch the rest of the
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holes and rectangles. The first alternative has the advantage of completing all pro-
cesses in one machine, which saves the material handling cost moving between two
machines, but will need a special punch tool to punch the two polygons. The sec-
ond alternative can let the company avoid having a special punch tool but it implies
a material handling cost or logistics cost moving between the laser cutting machine
and the punch machine, particularly if this laser cutting machine is an outsourced
facility, or a subcontracted process. If one ignores other technical factors and uses
only the cost factor as a reference to make a selection between these two alterna-
tives, this can be done by using the cost estimate and optimal control system in the
following way:

1. the cost index structure as shown in Figure 11.6 is modified as in in Figure 6.7,
which includes alternative processes;

2. the cost estimate and optimal control system estimates costs and decides the cost
indexes for all processes;

3. calculate the total costs for making the part by two process alternatives accord-
ing to the calculation process as described in Section 11.5.1. Hence a decision
can be made according to these two possible costs.

Second, if the part shown in Figure 11.6 can be designed in another form, i.e., an al-
ternative design, the cost index structure as shown in Figure 11.6 can be modified to
include alternative designs (or parts) at the component level. Then these alternative
designs are decomposed into processes at the feature level. After this modification
of the cost index structure, which can be simply imagined and is omitted from this
chapter, the cost estimate and optimal control system estimates the cost indexes for
all the processes of the two different designs, and calculates the costs of the two al-
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Figure 11.7 Cost index structure which includes alternative processes
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ternative designs, just the same as it does to make a suggestion to select alternative
processes, as mentioned in the previous paragraph.

Third, if a part can be made using alternative machines and alternative opera-
tional routines, as shown in Figure 11.8, the dynamic programming cost optimisa-
tion model in the cost estimate and optimal control system can be used to select
a routine to make the part that has the minimum total cost. Before the cost estimate
and optimal control system can carry out the dynamic programming calculations,
it needs to treat these processes on alternative machines as alternative processes,
record them in the cost index structure, and then estimate the cost indexes for all
these alternative processes. Based on the cost indexes of these alternative processes,
the system can calculate the cost for a pair of machines, which equals the machin-
ing cost on the next machine plus the material handling cost (or logistics cost) for
moving between these two machines. After all the costs of machines in the network,
as shown in Figure 11.8, are calculated by the system, the system uses the dynamic
programming technique to find a shortest path from the start point to the finish point
or an operating routine with minimum total cost.

This dynamic programming optimisation method can also be applied to select
the cheapest logistics chain among a number of alternative chains if the machines
as shown in Figure 11.8 are thought of as suppliers, partners or sub-contractors. For
a more complicated case on a manufacturing shop floor or a global manufacturing
environment, computer simulation technology, e.g., ProModel and Quest, can be
employed for the cost estimation and optimisation. Tu et al. (2000b) reported an
application of computer simulation technology to estimate and optimally control
the cost of injection mould-/tool-making on a manufacturing shop floor.

Stage Stage Stage Stage

Machine code

Machining Cost + Logistics Cost

/

—— Cxxxx —» Mxx
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Figure 11.8 Dynamic programming network for making a part through alternative operation rou-
tines
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11.7 Conclusion

The ability to correctly and rapidly estimate and optimally control PD cost is al-
ways a strength pursued by manufacturing companies to improve their place in
a competitive global market. Numerous research efforts have been made to auto-
mate cost estimation and optimisation in a PD cycle although the research and de-
velopment task is tedious and enormous sometimes. This chapter presented a fea-
sible computer aided solution to automate the cost estimation and optimisation of
PD in a global manufacturing environment. By following the concept of prototype-
based incremental PD, it is able to provide in-time cost estimates and optimisation
results to the product developers as important decision-making references in a con-
current approach to PD. This concurrent approach enables product developers to
design the product, plan the processes, schedule operations on the shop floor, man-
age logistics, and estimate and optimally control the cost feature-by-feature. This
incremental way of developing a product can help product developers to clarify the
PD life cycle data at an early PD stage and hence avoid rework, which often oc-
cur in the traditionally sequential approach to PD. Avoiding rework in a PD cycle,
particularly for a customised product, will reduce the PD cycle time and cost signif-
icantly.

The proposed cost index structure is generic and can be applied to all kinds of PD.
It is modelled in EXPRESS from STEP as part of the product production structure.
Hence it can be assessed by all kinds of computer aided engineering or management
software systems. It provides links or indexes to associate various costs to product
features through the manufacturing processes that are used to create these features.
Using this method of recording the various costs of PD, cost analysis and optimi-
sation in a PD cycle can be easily and automatically done by the cost estimate and
optimal control system as presented in this chapter. This cost index structure, as part
of the product production structure stored in the design/manufacturing knowledge
base, can be further used as knowledge and references for future PD. It is very im-
portant for a manufacturing company to record its knowledge and past experience
so that they can be reused to improve the company’s practices in PD.

The cost estimate methods and optimisation algorithms are effective. They can
easily be understood and implemented in industry. The cost estimate and op-
timal control system as well as other subsystems of the PD system run in an
intranet/Internet communication environment. This makes these systems or sub-
systems run distributed in a computer network. It also improves the system’s in-
terdependence and reliability, and at the same time reduces the complexity of
the design and development of such systems. To use STEP along with computer
intranet/Internet communication technology to develop these systems or subsys-
tems makes these systems compatible with commercial computer aided engineering
or management software systems, such as Pro/ENGINEER, SmartGroup’s PDM
(product data management) system, efc.
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Chapter 12

A Global Data Structure
for Supporting Rapid Product Development

Abstract This chapter reports the research work that aims to develop an integrated
data structure to support rapid product development (RPD) in the Internet environ-
ment. The emphasis is placed on integrated data management and the reuse of past
PD experience to support a company’s aim to shorten its PD cycle. The integrated
global data structure model was modelled using EXPRESS from STEP with the
consideration of real-time data communication within the Internet environment. In
terms of this data structure, a design/manufacturing knowledge base was developed
as a major part of the WWW (World Wide Web)-based PD system. The basic prin-
ciples and concepts of the knowledge base and the WWW-based knowledge man-
agement system are presented in this chapter. An industrial implementation is also
reported.

12.1 Introduction

Today an increasing number of manufacturing companies have realised that the abil-
ity to quickly develop a customised product in an economic and efficient way is crit-
ical for them to survive in the keenly competitive international market. It has been
widely conceived that the capability of RPD is one of the key issues that need to be
considered to enhance the competitiveness of a company.

In order to quickly and successfully deliver new OKP products to the market, the
development of innovative products needs to be accelerated. This may require the
support of new technologies (i.e., information technologies, Internet technology),
in particular for companies whose business partners are distributed throughout the
world. In past decades, the computer and computer communication technologies
have been widely applied to shorten the PD cycle, e.g., the use of powerful CAD
technologies, information technology, optimisation technology, virtual reality (VR)
and virtual manufacturing technologies. Asynchronous transfer mode (ATM) net-
works and fast Ethernet enable quick and reliable exchange of relevant data and thus
have changed the PD process tremendously. The Internet provides a new “platform”
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to access relevant information from all over the world in near real-time. Communi-
cation and cooperation among the members of a PD team located in different areas
of the world, for instance, can be realised by computer-supported cooperative work
(CSCW) tools via the World Wide Web.

However, as addressed in Chapter 2, how these technologies can be integrated to
support RPD is still a problem. One of the reasons for not being able to solve this
problem is that there is no common integrated product data structure that can be
combined with these new technologies and used in different stages of PD processes.
Hence this chapter attacks this problem by presenting a global integrated data struc-
ture for supporting WWW-based RPD. This integrated data structure has been used
to build a WWW-based knowledge base system to record and manage the data and
information flow through a PD cycle in a leading New Zealand manufacturing com-
pany. The industrial test results show that the system can be used to support the PD
process and effectively shorten the PD cycle.

12.2 Overview of System Structure

The overall structure of the WWW-based rapid product (industrial switches or con-
trol units) development system is shown in Figure 12.1. This system has been devel-
oped for a leading New Zealand manufacturing company to support and speed up its
PD cycle. In this system, the integrated data structure is used to build an environment
to support the overall PD process, i.e., marketing, product design, tool making, and
manufacturing. The integrated data structure can be used to build STEP-based prod-
uct databases, and design and manufacturing knowledge bases. The WWW-based
information management system that contains these data, knowledge and data man-
agement software tools can be used to support the PD process, i.e., help product
designers to make decision at early stages of the PD process. Also, other application

Design/ )
manufacturing Client CAD Platform (Pro/ Simulation Other

Knowledge bases Databases DESKTOP 2000i) tools Modules

r I I T 1

The Integrated Data Structure

User
Interfaces

Internet Web pages

Figure 12.1 Structure of the WW W-based rapid mould PD system



12.2 Overview of System Structure 267

models (i.e. cost and simulation) can be achieved based on the integrated data struc-
ture. The methodologies that are used to achieve the system and the implementation
of these application modules have been reported by Tu et al. (2000). The appli-
cation program interfaces (APIs) of various computer aided engineering software
systems (e.g. ProE) are secondary development tools that can be used to develop
the new application models (i.e. product fuzzy search model or supply chain man-
agement model). These models can be added into the open structured system. The
information changes in different application models can be directly transferred to
each other. As can be seen, the integrated data structure can be used to bridge the
information gap among commercial software packages, user developed application
software, databases and knowledge bases in the WWW environment. The structure
of the integrated data environment is described in the next section.

Figure 12.2 shows the home page of the RPD information management system.
It can be seen that the system consists of seven computerised models that can be
accessed through the inter/intra-net.

The Project Appraisal model is an on-line project management system. Each of
the PDs will be treated as a project. The Project Appraisal model records the man-
agerial data about a project, such as the progress of the project (indicated by the
achievement of milestones), product design engineer, tool design engineer, product
manager, sales estimates, estimated project costs, and comments and endorsements
of the departmental managers. This data will be real-time updated and can be ac-
cessed via the company’s Internet/intranet.

The Design/Manufacturing Knowledge Base was developed according to the data
structure to be presented in detail in the following sections of the chapter. This
knowledge base can be retrieved through the inter/intra-net. It physically consists
of several subdatabases that are allocated to different departments, such as prod-
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Figure 12.2 The home page of the RPD information management system
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uct design, tool design, tool making, shop floor, and inventory control. It records
all the necessary information about products manufactured in the past and prod-
ucts under development, i.e. ongoing projects. In fact, this knowledge base and its
WWW-based management system functions as a communication platform to fa-
cilitate the company’s integrated data management and concurrent engineering ap-
proach at early product design stages.

The Cost Optimisation model was developed using the dynamic programming
technique and computer simulation technology (Tu et al. 2000). This model esti-
mates the cost of a product at an early design stage by optimally selecting possi-
ble manufacturing processes, subcontractors, production facilities, and shop floor
scheduling through virtually manufacturing the product on a simulation platform,
history data searching and seeking outside sourced services or subcontracting. This
cost model was reported in Tu et al. (2000).

The Virtual Manufacturing consists of the computer simulation models of the
common CNC milling centres in the companies for product (mould/die) machin-
ing and a shop floor simulation platform. These simulation models were developed
using the VNC developed by Deneb Inc. (Dayton, OH) for CNC machine cutting
simulation, and ProModel developed by ProModel Corp. (Orem, UT) for shop floor
and production system simulation.

The Customer Interface is an open interface for customers to get involved with
PD through the Internet platform. Through this interface, the customers can view
the development progress of their products and give comments on their products.
This is the only model that can be accessed by customers.

The Simulation includes two packages, VNC and ProModel. Through the Sim-
ulation, the staff in a company can access these two simulation packages to further
develop simulation models.

The Computer Aided Process Planning model was developed based on a novel
concept, called “prototype based incremental process planning”. This concept was
presented by Tu er al. (2000), and is part of the prototype-based incremental PD
method.

With the system as shown in Figure 12.1, prototype-based incremental PD fol-
lows a specified pattern. First, the design targets (or primary features) that are iden-
tified by the user interface are prioritised according to their influence on customer
satisfaction, manufacturability, quality, and cost. Correspondingly, different endeav-
our rates will be assigned to the design targets (or primary features). According to
this prioritised list of primary features, the system will automatically search for
an existing product that is the closest to the required new product from the de-
sign/manufacturing knowledge base.

The existing products are products that were successfully produced by the com-
pany in the past. The similarity between the existing product and the new product
is measured by the sum of “similarity” rates of the common features between the
existing product and the new product. The existing product with the highest sum of
endeavour rates is taken as a prototype for the new product.

After a prototype is selected, a relevant process plan for producing this existing
product is also found since they are stored in an extendable common object of the
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data model developed in terms of EXPRESS in STEP (see Section 12.4). Based
on the prototype(s) and relevant process plan(s), an incremental process planning
method as developed by Tu et al. (2000) can be applied so that the product design
and process planning are carried out concurrently in a feature-by-feature stepwise
manner. The incremental process planning method requires the insertion of a sub-
process plan for creating this new feature needs to be inserted into the process plan
if a new feature is added to the prototype. If an existing feature of the prototype is
modified, the process plan needs to be modified accordingly.

The subprocess plan for creating a feature can be searched from the existing
products recorded in the design/manufacturing knowledge base or developed by the
design/process-planning engineer by using his/her experience, a shop floor test, or
a manufacturing process simulation package, e.g. Virtual NC. If a feature cannot
be created by any means, either the designer should avoid this feature or feedback
should be given to the customer.

After a prototype or several prototypes are developed as described above, a new
product will be designed, planned, and virtually manufactured on this system
mainly by computer simulations and the data recorded in the design/manufacturing
database. Finally, the output from this system is obtained as a fully recorded product
data model.

12.3 STEP-based Integrated Data Structure

As mentioned in the previous section, the product design/manufacturing knowledge
base is created as an on-line data library to support all kinds of activities through
a PD cycle in a desktop computer environment. It was developed according to
a STEP-based integrated data structure. Figure 12.3 shows the framework of this
data structure.
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Suppliers Product Y Resources m wmade
- Yy
Managed
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Needs by
Operational
Tools P Dat
Provide Managed _Data Managed
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Figure 12.3 Data structure of the design/manufacturing knowledge base
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In Figure 12.3, “Product” means all the design and manufacturing data about
a product. These data are physically stored in computers in different departments
and managed by the system according to an extendable common object data model.
An extendable common object data model for an injection mould, for instance, is
modelled using EXPRESS-G in Figure 12.4.

As shown in Figure 12.4, the product model is built as a tree structure. It can
be envisaged that this type of tree structure product data model can be extended
to meet the requirement of information modelling of different products (Tu et al.
2000). The integrated mould making data model as shown in Figure 12.4 already
contains most commonly used components for a product manufacturing process.
The product model in Figure 12.4 includes several entities on different levels. The
top level is “Product”, which includes a number of sub-classes called “Components”
and a subclass called “Assembly”. All the necessary data regarding the components
of the product will be recorded under the “Components” subclasses. Likewise, all
the necessary data about how to assemble the product will be recorded in the “As-
sembly” subclass. A “Component” sub-class includes several “Primary_Features”
entities, several “Materials” entities, and several “Secondary_Features” entities. Ac-
cordingly these entities record the primary features, secondary features, and materi-
als of a component.

The primary features are those design and manufacturing features by which the
main shape, performance, function, manufacturability and cost of a component are
determined. For an injection mould, a cavity will be a primary feature. The sec-
ondary features are normally for supporting functions and the integrity of the com-
ponent (or product) or even decoration of the component (or product), e.g., a screw
hole, a slot, a pocket for parts assembly, the surface treatment of a mould, efc.

Product
|
d |
Components Assembly
I
d d d 3
Primary_ . Secondary_ Tolerance_
Features Materials Features Constraints Assembly_Plan
I [
d | | D | |
Manufacturing_ Process_ | |Operational_| | Manufacturing_ Process_ | |Operational_ Schedule
Constraints Plan data Constraints Plan data
Production Production
_Schedule Cost _Schedule Cost

Figure 12.4 Integrated product data model in EXPRESS-G for an injection mould
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In Figure 12.4, either a “Primary_feature” entity or a “Secondary_feature” entity
includes three types of sub-data-classes, viz. “Manufacturing_Constraints”, “Pro-
cess_Plan”, and “Operational_Data”. “Operational_Data” further includes “Sched-
ule” and “Cost” subdata classes. Examples using this data structure to model prod-
ucts can be found in Tu et al. (2001) for an injection mould.

“Suppliers”, as shown in Figure 12.3 includes all information about the com-
pany’s suppliers, i.e. contact information, product specifications, reference prices,
delivering lead times, reputation assessment, and quality assessment. “Inventory”
records the company’s present inventory level, which is part of the company’s MRP
system. “Tools” records the company’s tooling information. “Resources” keeps
records of the company’s equipment and employees. “Partners” records detailed in-
formation about the company’s sub-contractors. It contains important data on evalu-
ation of the subcontractors’ manufacturability, reliability, and quality of their service
or products. “Operational_Data” contains present and previous production planning
and scheduling data records. This is part of the company’s production planning and
scheduling system.

12.4 The WWW-based Knowledge Base System

Since efficient management of information flow in PD is critical to reduce the PD
cycle time, new approaches and methodologies to achieve a WWW-based infor-
mation management system have been continually put forward. CORBA (common
object request broker architecture), for example, is employed to ensure interoper-
ability among distributed objects (Heck et al. 2009, Gruber et al. 1992). STEP and
KQML (knowledge query and manipulation language) are used to achieve openness
of the information system.

Figure 12.5 shows the structure of the WWW-based information system that has
been developed for a manufacturing company in New Zealand. This system com-
prises of the WWW-based software tools for information management and sharing
among different departments, the integrated data environment and interfaces, the
CORBA-based distributed environment, customer interfaces and several knowledge
bases. The WWW-based database publishing tool and object communication tool
have been described in Tu and Xie (2000).

To manage and share the distributed data and software systems/packages (or ob-
jects) in the company, CORBA technology has been employed in the project to
build a computer communication network or information sharing platform in the
company (see Figure 12.5). In fact, in recent decades, CORBA technology and the
distributed component object model (DCOM) have been developed and applied for
building such distributed object communication and management networks. Many
successful cases can be found in literature, e.g. (Mowbray 1995).

The customer interface was developed using the QFD method (Tu and Xie 2000).
It first provides inter/intra-network access for customers to input their requirements
in the system. According to the customer’s requirements, the product designers can
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Figure 12.5 Structure of the WW W-based information management system

use the QFD models built into the system and the product design and manufacturing
knowledge bases, which were developed according to the company’s previous expe-
riences, to identify the technical features (or attributes) of the product to address the
customer’s needs. A linear programming model has also been developed to help the
PD planner allocate resources (mainly staff times) under the constraints of a fixed
lead time and a given PD budget to obtain various technical attributes of the product
so that the maximum overall customer product satisfaction can be achieved. The
system also provides the supporting functions for RPD, such as incremental process
planning, manufacturing process simulation, shop floor operation simulation, cost
estimation, subcontract planning, and supplier selection.

12.4.1 Knowledge Base Structure

In terms of the STEP-based integrated data structure as discussed in Section 12.4,
a general PD knowledge base building framework has been developed to create and
manage the knowledge element, knowledge relationships and knowledge objects.
The knowledge base building framework contains four information layers, which,
from top to bottom, are the knowledge layer, parts layer, feature layer and element
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layer. The element layer contains relevant data or information about the shape fea-
ture of a product. The feature layer contains all the feature information including
the feature attributes and relationships between the information objects in the fea-
ture layer. The information objects are defined by different production departments
for a PD, such as feature geometric objects, manufacturing process objects, resource
objects, and operation objects. The part layer contains all the part information in-
cluding part feature information and relationships between different information ob-
jects in the part layer. The knowledge layer not only contains the part information,
but also “knowledge related” information objects and a reference engine. Here, the
knowledge is extracted from the part layer and the feature layer, and is organised by
information objects and relationships between information objects. Therefore, the
knowledge includes part-layer knowledge and feature-layer knowledge. A common
information structure that contains the relationship of the information objects for
a PD in a manufacturing company has been addressed in Section 12.4. The knowl-
edge in the knowledge layer can be directly used to support intelligent concurrent
design and manufacturing. Here we add a management feature to the part features
to manage all the information objects of a certain part. The management feature can
be saved in a knowledge base and used as a part of knowledge data to manufac-
ture the part. For different applications, the users can define their own application
objects in the part layer and feature layer through a graphical user interface (GUI)
according to the requirements of the PD. After defining the application objects, the
relationships between the objects can be created by the users or automatically by the
optimisation algorithm and existing knowledge. These objects with their defined re-
lationships are the new knowledge, which will be added into the knowledge bases
for future use.

12.4.2 Industrial Implementation

As mentioned in this chapter, the system described has been implemented in
a leading New Zealand electrical appliance manufacturing company. The com-
pany produces various industrial switches, control systems, and electrical appli-
ances. In terms of the data structures and general system framework, the prod-
uct design/manufacturing knowledge bases for RPD and the STEP-based product
databases have been built to support the company’s rapid industrial switches devel-
opment, which includes PD and mould/tool making.

In order to share the data and knowledge among the people in the company’s
branches, which are located worldwide, the system has been built on a WWW- based
network environment. Hence, the WWW technologies and Internet software devel-
opment tools, such as JAVA, CORBA, Visual InterDev, XML and KQML have been
used to develop this system. In the following section, a case will be used to illustrate
how the system works.

According to the customer’s requirements for a particular type of electrical
switch, the search model in the system can find a prototype, i.e. a product produced
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Figure 12.6 The product interface

by the company in the past that has the maximum sum of endeavour rates. For this
case, the prototype found by the system is the 626VC industrial switch in the 600
series. The output from the system is shown in Figure 12.6.

In fact, Figure 12.6 shows a dynamic user interface on the web page. From this
interface, a user can quickly search the necessary information for producing the
626VC. The user, for instance, can quickly get the CAD drawing of the product
by double clicking “626VC” in the Drawing box (Figure 12.6), the assembly illus-
tration by clicking the “Product Assembly Picture” button on the right hand side
of the page, designer’s information by clicking the “Product Designer(s)” button,
comments and discussions made at the earlier product design stages by clicking the
“Product Design Questions” button, project appraisal information as mentioned in
Section 12.1 by clicking the “Project Appraisal” button, and toolmaking information
by clicking the “Tools that make product”. The toolmaking information is shown in
Figure 12.7.

Figure 12.7 shows the user interface for toolmaking information. From Fig-
ure 12.7 it is obvious that the product 626VC was made using the injection mould
M-5112. From this tool interface, a tool designer can get the relevant information for
making a tool, such as cavities and parameters of the tool, other products made us-
ing the same tool, factory moulding machine data, manufacturing information (e.g.,
CNC machine, operator, NC code, etc.), tool components, tool materials (including
the information about the suppliers), tool designers, and tool trials. For example,
viewing general information on surface finish requirements on the tool M-5112 is
simply performed by clicking the button directly located at the end of the surface
finishing field box. The tool surface finishing requirements for mould M-5112 are
shown in Figure 12.8.
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Figure 12.8 General information on surface finish requirements of mould M-5112

In terms of this prototype and the customer’s requirements, the product de-
signer(s) and tool designer(s) can quickly develop a new product and the necessary
mould/tool through modifying the design and manufacturing information of switch
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626VC and mould M-5112. Following the concept of incremental process planning
as described in Section 12.3, the new design features for the product or the tool
will be developed one by one concurrently with the pertinent manufacturing pro-
cess plans. Some past experiences gained through developing 626VC were used as
useful references to help the designers to avoid mistakes and rework through the
new PD cycle. This helps the company to dramatically reduce its PD cycle time.

The computerised models and the general knowledge base building frame as de-
scribed in Section 12.4 were used to develop the knowledge bases or planning or
decision support tools through the PD cycle. All the relevant data and informa-
tion through a PD cycle were recorded in terms of the extendable common data
structure as presented in Figure 12.4. The information models behind the product
interface as shown in Figure 12.6, the tool interface as shown in Figure 12.7 and
the surface finishing information in Figure 12.8 are the instances or attributes of
the common object 626VC that are extracted from several knowledge or product
databases which are physically stored in different computers in the company. This
WWW-based information management system automatically brings the data rele-
vant to 626VC from these computers (or databases) via a front-end user interface
(Figure 12.6) to the users who have the right to access this communication network
from anywhere in the world.

12.5 Conclusions

As indicated throughout the chapter, the main goal of this research work is to shorten
the PD cycle. The research work as presented in this chapter made the following
contributions to achieve this research goal:

1. The WWW-based design knowledge base, which was developed according to
the integrated data structure as presented in Section 12.4, can be used by a man-
ufacturing company as an on-line data and information library. Engineers can
quickly and easily source the necessary data and information to support new
PD. This data and information library can also help the company to record and
manage its past experiences.

2. The knowledge base management system as presented in this chapter can func-
tion as an inter/intra-net communication platform to facilitate and integrate com-
munications between engineers in different departments. The product design
question in the product interface (Figure 12.6), for example, is a record of such
communication, particularly those made at the product’s earlier design stages.
Normally in a manufacturing company, extensive communication involved at
the early product design stages often results in misunderstandings and confu-
sion between the departments due to poor management and recording of this
communication. These misunderstandings and confusion can easily prolong the
PD cycle. By using the WWW-based knowledge base management system as
presented in this chapter, this communication can be clearly recorded and easily
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accessed and viewed via the company’s inter/intra-nets. An engineer in any de-
partment can simultaneously view the comments made by the engineers in other
departments. This will help the company to save time usually spent in tedious
cross-functional department meetings.

3. As shown by the product interface (Figure 12.6) and tool interface (Figure 12.7),
the knowledge base as presented in this chapter included a lot of descrip-
tive information (such as product design questions, tool surface finishing re-
quirements, designers’ information, manufacturing process and comments, efc.)
rather than the abstract data given in a traditional database. According to our
experience with manufacturing companies, these descriptive comments are very
important references to remind designers and manufacturers to avoid making the
same mistakes or spending time on a problem that was solved in the past. With
these descriptive comments in the knowledge base, the knowledge base can be
used as a training tool to help graduate engineers quickly grasp the company’s
design and manufacturing experience.

4. As described in Section 12.3, the integrated data structure was developed in
terms of STEP. Since most computer aided design, and engineering and man-
agement software vendors support STEP, the system as presented in this chapter
should have good compatibility with other computer aided software systems in
advanced manufacturing.
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Chapter 13

An Internet-based Product Information
Management System

Abstract Efficient management of product information that covers the entire life
cycle is critical to the enhancement of corporate competitiveness. This chapter ex-
plores the design and development of a World Wide Web (WWW)-based PD in-
formation management system for a cross-nation manufacturing corporation that is
headed by a holding company in Christchurch, New Zealand. Since product data
are often managed in a distributed computing environment, CORBA is employed to
ensure interoperability among distributed information objects. The WWW-based in-
formation management system discussed in this chapter includes two major compo-
nents: 1. WWW-based product design and development distributed object oriented
databases; 2. A WWW-based integrated system platform. Several submodels are in-
troduced; these include an object oriented database structure, a WWW-based infor-
mation management system, a WWW database tool, an information access tool, the
incremental process planning method and an integrated software platform for the
integration of CAD, CAPP, CAM and the WWW-based information management
system.

13.1 Introduction

Widespread use of the Internet and WWW has had a significant effect on the method
of inter- and intra-communication of OKP manufacturing companies. These effi-
cient Internet and intranet communication tools have helped OKP manufacturing
companies to save production costs, shorten the lead time to market, implement
globalisation and concurrent engineering, and make companies rethink the issues
at the heart of competitive manufacturing. In order to enhance competitive ability,
a number of changes are needed for OKP manufacturing companies, especially for
those with globally distributed “partners”. It has been widely conceived that having
the capability of rapid PD is one of the key factors needed to enhance corporate
competitiveness (Bernard et al. 2009). This may require the support of informa-
tion systems, especially for companies whose business partners are distributed over
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the globe. Our example manufacturing corporation, which is managed by a hold-
ing company in Christchurch, New Zealand, is such an international manufacturing
group which has subbranches in Australia and Malaysia. For this company, inte-
gration of various information systems through the WWW is a holistic approach to
manage the complexity of its product design, development, manufacture, and distri-
bution, so that it can quickly respond to customers’ requirements.

At present, this company is facing increasing demands from customers for prod-
uct varieties, low cost and short delivery times. However, there are some hurdles
that impede the meeting of these customer requirements. Firstly, suitable discus-
sions are needed at different stages of its tool/mould design and making process,
so that a tool/mould can actually be developed subject to various manufacturing
constraints. These discussions are normally among different engineers in the com-
pany’s branches located in different countries through documented letters or e-mail.
These are time consuming and very inconvenient to manage. Secondly, a number
of important tool-mould-making process data are not recorded and these data are
lost after projects have been finished. Besides the information lost in tool-mould-
making, delays, errors and long product definition procedures are also caused by
lack of supporting information. Sometimes, the same product has to be redesigned
owing to the loss of historical records.

Hence, the development of a product information management system that is able
to record various data through a whole PD cycle and simultaneously provide an in-
tegrated platform for information sharing among different partners or departments,
is very important for the company to shorten its PD cycle and cut down production
costs. A WWW-based information management system for rapid and integrated PD
has been developed. It consists of several distributed databases with object-oriented
structure to store all the tool-mould-making and PD information. Through the in-
tra/internet, all the information is published on the Web. This provides an easy way of
accessing all the necessary information throughout the whole life cycle of a PD pro-
cess. However, information accessibility does not mean that all the information can be
used to directly support the design and manufacturing processes. Sometimes people
will get confused when they face so much information and do not know what is useful
for them. Therefore, the integration of the available information is a key step for differ-
ent partners in a PD cycle to effectively share information (Dong and Agogino 1998,
Chiu et al. 2006). In order to solve this problem, much research effort has been made
to develop an integrated information sharing platform in a computer network envi-
ronment. Some prototypes have been developed, e. g., Dong and Agogino (1998), Xue
et al. (1999), Chiu et al. (2006), Cutkosky et al. (1993), Boynton (1993) and Gruber
and Russell (1996). However, there exists some limitations to the application of these
prototypes, especially in a WWW environment. The first is the requirement for a for-
mal WWW-based distributed database structure with suitable product data models for
a manufacturing company, i.e., a decision must be made on what information should
be shared and how to represent and record the information from a PD and relevant
tool-mould-making processes. In practice, the company production manager usually
decides what information is needed, when it is needed and how it will be used de-
pending on the context of the current problem (Boynton 1993). Also, the data struc-
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ture of the product information management system may vary with the structure and
culture of the company. Considering these questions in advance, collecting all the crit-
ical pieces of information for the decision, and finally integrating the information and
decisions into a product model is usually a hard job (Gruber and Russell 1996).

The critical issues in managing and sharing information for a cross-nation cor-
poration are:

1. How to build the databases/knowledge bases with WWW publishing and real-
time information accessing mechanisms in a user-friendly operating environ-
ment.

2. How to develop a system, which can capture in real time the related data and
knowledge, and use and share the data and knowledge to support PD processes.

3. How to develop a platform to integrate the information management system
with existing software packages that are employed at different stages of the PD
process. Boynton (1993) suggested that the critical issue for developing a design
information system to support company-wide design practice is not the product
modelling aspect but the information dissemination aspect.

This chapter discusses the problems mentioned above through the presentation of
a WWW-based integrated PD information management system. This system can di-
rectly support product design and manufacturing processes in a WWW environment.

13.2 The System Framework

The overall structure of the WWW-based information management system is shown
in Figurel3.1.

The system was built in two parts, namely the WWW-based information man-
agement system and the integrated platform. The first part includes distributed re-
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"smart . drawing”
anufacturing” smart drawing

Integrated Platform
(IPP/Cost Model)

Information Access Tool
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. User Interface
CORBA World Wide Web ’WWW Databases Tool ‘ (Internet Explorer)
STEP Distributed relational Distributed knowledge
database databases bases

Figure 13.1 Framework of the WWW-based integrated PD information management system
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lational databases, STEP databases and knowledge bases, WWW database tools
(WDTs), and user interfaces for different departments of the company to manage
the product information. The second part includes a collaborative communication
tool, an information access tool, incremental process planning (IPP) user interface
and a cost optimisation model. This platform is achieved using current WWW devel-
opment tools (i.e., visual Interdev, JavaScript). The application tools are developed
as agents that run in a distributed environment.

The distributed relational databases and knowledge bases record all the data and
knowledge gathered from previous PDs in the company’s history. The user inter-
faces were developed and can be viewed through a web browser such as Internet
Explorer, which can be used by the different departments to change and manage the
databases and knowledge bases on the intra or internet. The integrated platform was
developed to integrate CAD, CAM, computer simulation packages, and the WWW-
based information management system to support so-called “smart drawing” and
“smart manufacturing”. The incremental process planning user interface together
with the cost optimisation model were developed to select or plan suitable manufac-
turing processes against design features from a cost optimisation point of view. The
multi-objective cost optimisation algorithm was discussed in Chapter 10. The infor-
mation access tool was designed as a search tool to access all related databases and
knowledge bases according to the requirements of the integrated platform. Some
major models or tools mentioned above will be further discussed in the chapter.

13.3 The Internet-based Information Management System

Today’s design and manufacturing practice in an OKP manufacturing company of-
ten involves complicated communication, interaction, and data exchange between
individuals inside and outside of the company, such as engineers, suppliers and cus-
tomers. For example, to design a part, a design engineer may need to access infor-
mation on process planning to determine the production requirements or the product
data management system to find a similar part and revision levels. The challenge is
to create related information and knowledge so they can be shared in real time. The
development of intra/internet communication technology has provided a feasible so-
lution to company-wide knowledge sharing and real-time communication. Hence,
a WWW-based distributed database and knowledge base management system is
a fundamental part of the information integration of a manufacturing company.

13.3.1 Product Data Model

When data is added to a database, it becomes a model of that part of reality to
which the data refers. As there is an increased need for up-to-date information, an
automated database management system (DBMS) was developed based on groups
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of formalised data modelling rules called product data models. Nowadays a prod-
uct data model is usually object oriented. The EXPRESS data modelling language
in the STEP provides a useful tool to represent various product data, and STEP
has set up an international standard architecture for modelling a product. Hence,
STEP and the object oriented modelling method were used in this research project
to model the products as addressed in Chapter 11. Candadai (1994) also reported
another application of STEP to build a product data model. However, STEP is still
a developing data modelling architecture and has some limitations for product data
modelling, such as instance data or type data (Dong and Agogino 1998). It does not
include a mechanism for using classification and inheritance for modelling products
in a particular company (Manniso et al. 1998). Owing to the limitations of STEP,
the data model discussed in this chapter was built by both a STEP modelling method
and the traditional relational data modelling technique. For data that STEP cannot
describe, related objects are created using an object-oriented method and connected
to its STEP object using relationships. One of the advantages of using the object-
oriented database (OODB) is that all the data in the object can be extracted by object
identity or found by key. The newly created objects can be stored as well. The struc-
ture of the OODBS and STEP database will be discussed in the next section. All
data in an object can be easily read and written using object oriented programming
languages (OOPLs) such as EXPRESS, C++ and Java.

13.3.2 Product Information Management System

13.3.2.1 OODBMS Structure

Figure 13.2 shows the framework of the distributed object oriented information
management system for a plastic mould design and manufacture, which was devel-
oped for a manufacturing company in New Zealand. It presents a generic structure
of an object oriented database management system (OODBMS). As shown in Fig-
ure 13.2, this information system includes product information, tool information,
manufacturing information, and supplier information. These structures of informa-
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Figure 13.2 Distributed information structure for plastic mould design and manufacturing
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tion systems are built according to the requirements and structures of the company,
which means the product design database contains all the design specifications, geo-
metric information and other information from the downside stream (i.e., manufac-
turability, cost). These information systems were built on an object oriented database
structure and managed by using CORBA under the distributed computing environ-
ment. The detailed information with regards to how CORBA is used to integrate
structured databases under multi-operation systems and a multi-language environ-
ment are addressed by Fang et al. (2000), Yeongho et al. (2001) and Mowbray and
Zahavi (1995). The distributed information management system eliminates the need
to follow the predefined access paths to reach the target data, and makes data access
more flexible even under different operation systems. The structure of the informa-
tion system facilitates uninterrupted queries and is well suited to the manufacturing
environment. All the databases in the system were developed using the ORACLE
software package. ORACLE supports large size databases with multi-user access
which are suitable for a distributed multi-user system. All the data in ORACLE
databases can be accessed via ODBC and JDBC interfaces by using object oriented
programming languages (OOPLs) such as Visual C++, Borland Delphi and Java.
This flexible programmable interfacing ability makes the databases more accessible
and easier to develop.

The object hierarchy of an object oriented database developed for a mould/tool
design and manufacturing company in Christchurch, which contains detailed con-
tents of the data class created based on the structure of the information in different
departments is shown in Figure 13.3. To support various types of data in an indus-
try, different types of objects were developed. The structure of these objects and the
relationships between the objects are very important for both the database manage-
ment system and system integration. For instance, certain product design knowledge
in a knowledge base needs to be associated with a product number or other iden-
tity number so that it can be correctly and effectively retrieved during production.
Figure 13.3 also shows several custom interface objects, such as a product interface,
tool interface and manufacture interface. These interface objects were developed for
different departments in a company to access the databases using Internet Explorer
according to predefined privileges.

13.3.2.2 STEP Database Structure

Product data is one of the most important factors to be considered when deciding
the dynamic changes of the PD processes. Under the WWW environment, as dif-
ferent CAD/CAM systems are employed by companies, data sharing or exchange
between different systems is very important to achieve RPD. Databases based on
STEP can support product data exchange among heterogenous CAD/CAM sys-
tems, whereas proprietary file formats are not suitable for data exchange among
different systems. STEP is promising in that it is becoming a new emerging stan-
dard for the exchange of product data throughout the entire life cycle of products in
distributed network environments. A STEP-based information framework to cover
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Figure 13.4 A knowledge base example for mould/tool product design/manufacturing

the entire life cycle of sheet metal parts design and manufacturing processes has
been presented in Chapter 8. This step-structure information modelling framework
is easily extended to other PD processes. A STEP knowledge base based on the
information framework above is built for rapid mould/tool PD. Figure 13.4 shows
a product information form that is based on the STEP-based information framework
structure above. Product designers and manufacturers can use this form to review
and modify related information through Internet Explorer after it is published on
the WWW.

13.3.3 WWW Database Tool

Although database technology has been in use for a long time, an effective way to
make databases accessible through the intra/internet so that data in the databases
can be shared on a global scale is still unavailable (Manniso et al. 1998). Therefore,
it is necessary to develop WDTs that can publish and manage all relational data or
knowledge bases over the Web. The WDTs developed by the authors are used to
automatically publish and manage databases in a distributed WWW environment.
As shown in Figure 13.5, the WDTs were developed using several computer lan-
guages, which include programming languages used on the Web, such as JavaScript,
hypertext makeup language (HTML), web authoring language, and CGI. CGI pro-
vides a standard protocol for communication between the client browser and the
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Figure 13.5 WWW database tool developed using multi-computer languages

Web server. It was used to develop the dynamic data linkers between the Web
server and the database management system for different departments to access
the databases through the intra/Internet. HTML language is used to design the Web
pages. Visual C44- was used as a programming platform for developing the WDTs.
Based on this platform, the programming entities, such as CGI linkers and HTML
web pages, were coded and linked together. WDT proxy and WDT context classes
were also developed using C++.

13.4 The Internet-based System Structure

Figure 13.6 shows the integrated platform, which is an intermediate layer between
the WWW information management systems and the different software packages
that are integrated into the platform as agents. This integrated platform is responsible
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Figure 13.6 Structure of
the WWW-based integrated
information management
system
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for production optimisation and real-time information retrieval between the WWW-
based information management system and the agents.

This platform consists of several major components, including a collaborative
communication tool (CCT), an incremental process planning (IPP) user interface,
a production cost optimisation model and an information access tool (IAT). By using
this platform, all the software packages, IPP user interface, cost model and databases
as shown in Figure 13.6 can be directly accessed through the intra/internet.

In this platform, each agent manager is implemented as a CORBA object and
exports specific public methods as an external interface. Other functions can also
be achieved in the same way. For example, the detailed implementation method of
a WWW data retrieve tool is shown as follows:

1. First define a CORBA object named Retrieve using CORBA IDL, its IDL de-

scription is as follows:

Interface Retrieve {

Void retrievedata(in string dataFileName, in string schemaName, in string Pro-
ductName, out string productspecification, out string dataFile, out string
schemaFile, out string ProductContent)

}

Users can use function “retrievedata” to get the information needed through
product name, dataFilename, efc. An interface is provided for users to input all
information for data searching. The code is written in C++-.

2. Define the interface to the native code in the Java program, create correspond-
ing.h file using JDK tool java.h. Then implement the native function using C4-4-
and compile the C4-+ code into DLL. When the DLL is loaded, the Java pro-
gram can invoke the function.

13.4.1 IAT and CCT

Many applications enabled by the WWW, such as virtual university, distance learn-
ing, electronic commerce, information gathering and filtering, have a strong need for
tools supporting the effective retrieval of information. The goal of designing IAT is
to provide a means for users to “on-line search” the data or knowledge according to
a particular information enquiry in a PD process, and to “real-time communicate”
with the information management systems via the intra/internet. It was designed
to enable “real-time control” and to retrieve and search for the data through the
intra/internet. The collaborative communication tool (CCT) was designed for dy-
namically transferring messages, events and data in a WWW environment among
the software packages, IPP user interface and cost model.

There still exist some problems in the development of an IAT which can sup-
port concurrent multi-users applications, for example, collaborative database ac-
cessing, distributed object technology, information retrieval, distributed services and
resources management, efc. These problems influence the communication speed be-
tween the OODBMS and the integrated platform. The search speed of IAT is very
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important for the system since a lower searching speed will influence the ‘dynamic
characteristics’ of the overall system integration. To accelerate the search speed, the
query-oriented search method and the user-oriented search method were combined
to develop the search model in this system.

As mentioned earlier in this section, the CCT is a tool to facilitate and manage
the real-time communications in a WWW environment between the engineering
software packages, the IPP interface and the cost optimisation model. It can dy-
namically capture data, messages or events and transfer them to the different engi-
neering software packages, the IPP user interface and the cost model in real time
through an intra/internet. For example, if a designer adds a feature to a product de-
sign by using a CAD package (e.g., Pro/ENGINEER), the CCT can, through the
intra/internet, capture this change and transfer it to other software models, e.g., the
IPP user interface, CAM package or computer simulation package, for further pro-
cessing. Feedback can also be sent back to the design platform by the CCT. The CCT
was developed using the Pro/ENGINEER application programming toolkit (APT).
The API of the Pro/ENGINEER toolkit consists of a library of functions written in
the C programming language. These functions can easily be incorporated in a pro-
gram written in C4-+4-. Since the CCT was developed on the Pro/ENGINEER APT
platform, it can run on the Pro/ENGINEER operating platform.

13.4.2 Incremental Process Planning (IPP)

Tu et al. (2000) presented an incremental product design and process planning strat-
egy for developing customised products or OKP products. This strategy suggests
that the company plan the manufacturing process for each new or modified feature,
which are then added to the design of a product. Features that cannot be feasibly or
economically manufactured should be changed or given up. They also suggested that
because of the great variety of OKP products and the usual demand from the cus-
tomer for lower cost and shorter delivery time, history data and knowledge reuse is
very important to an OKP company for successful development of an OKP product.

For the WWW-based PD information management system, the [PP method also
plays an important role since the IPP strategy can help a manufacturing company
to effectively avoid production rework. History data and knowledge reuse has also
been approved as an effective way to cut PD cost and lead time (Tu et al. 2000).
The IPP user interface was developed for users to plan the manufacturing processes
according to the IPP manufacturing strategy. It interacts and communicates with the
data or knowledge bases and other models via the intra/internet. The information
flows among these models are illustrated in Figure 13.7. The IPP user interface
can get information from the WWW database management system, and send the
possible manufacturing process plans to the cost optimisation model. After getting
the optimisation result from the cost optimisation model, it can save the result into
the databases. The IPP user interface can also dynamically communicate with CAD
and CAM packages through the CCT.
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Figure 13.7 Information flows among the different models

13.4.3 Cost Optimisation Model

A generic cost estimation and optimisation framework was reported in Chapter 6.
Different from that framework, this cost optimisation model was developed to save
PD cost through optimally or rationally scheduling production operations on the
shop floor. The inputs to this model are possible manufacturing process plans, which
were planned by the process planning engineers using the IPP user interface, and the
capacity availability of production resources, which are normally recorded in a com-
pany’s MRP system. The outputs from the cost optimisation model are a production
schedule and a relevant cost estimate. The cost optimisation model was developed
using a case-based reasoning method, probabilistic dynamic programming and com-
puter simulation technology. For different products, the cost optimisation function
may be different. However, the optimisation algorithms used share common points
as the cost optimisation model for sheet metal products cutting has been transferred
to a common mathematical model of a NP completeness problem (Xie and Tu 2000).
A mathematical model has been built for the cost estimation and optimisation of
mould products. The basic cost of a product can be estimated and optimised while
considering several possible manufacturing plans. The model can also quickly send
the design engineer a cost estimate using case reasoning method to search for a simi-
lar solution from the databases via an intra/internet. It can also derive a cost estimate
and a production schedule for a designed feature using a probabilistic dynamic pro-
gramming technique and computer simulation technology to virtually schedule and
manufacture the part or product (Tu et al. 2000).

13.5 System Implementation

Key challenges that still exist in the development of WWW-based support systems
include intelligent search engines, Web accessibility, collaborative and distributed
application environment, scalability of Web servers, intelligent agents, server se-
curity, the limitations of programming languages like HTML, XML, efc. All these
challenges have to be considered while developing the WWW-based information
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management system for rapid and integrated PD. They will influence the function-
ality, reliability, and the realisation of the integrated system. In this section, we aim
to demonstrate the main functions and the feasibility of the system by briefly de-
scribing a prototype system, which was developed for a New Zealand manufacturing
company to support their mould PD.

Figure 13.8 shows the overall structure of the prototype system, which includes
several components. This system can be extended and new functions can be easily
added and integrated into the system through agent technology. A CNC machine
simulation package called Virtual NC was used to develop the manufacturability
test bed and a shop floor simulation package called ProModel was used to develop
the virtual manufacturing shop floors for the cost optimisation model. These soft-
ware packages can be used as real-time simulation of the product manufacturing
process. The simulation result is recorded in the WWW-based information system.
This information can be retrieved for decision support for similar PD. A Web client
called Pro/INTRALINK in Pro/ENGINEER makes it possible to access or manip-
ulate the product data through the Web. Specific interfaces have been designed for
people in different departments to activate functions that are provided by the inte-
grated platform, i.e., change/search information or see the manufacturing simulation
process. C++ is employed to code all the software models as described in the chap-
ter, such as the IPP user interface, the WDT and the CCT. These tools can be used
to locate related information and can achieve intelligent search functions. With the
integrated platform that contains these tools, the WWW-based information manage-

World Wide Web Web pages

@ AN

Distributed Object Management

<2

CORBA based Tools

W Pro/lntralinkw

1l

CAD Platform (Pro/DESKTOP 2000i)

Agents

I

Design/manufacturing
Knowledge bases

WDT
IAT

CAM, Virtual NC
Pro-Model

API Integrated System Platform User
(IPP(Cost Model)) Applications

Figure 13.8 WWW-based integrated information management system for mould products design
and manufacturing
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ment system can be used in different stages of the PD processes. The earlier the
design stage in which the system is applied, the earlier the designer can search ex-
isting WWW-based database/knowledge bases for existing similar products through
the WWW-based interface designed for product designers. This knowledge or infor-
mation (cost information, lead time, manufacturing ability) can help the designer to
make decisions. The integrated platform supported by the WWW-based information
management system can also be used as a concurrent PD platform through informa-
tion integration and sharing at each stage of the PD process. Instead of following the
traditional, sequentially arranged PD process, the system can incorporate considera-
tions such as manufacturability, assemblability, serviceability and recyclability into
the product design or planning stage. Time consuming rework can be avoided and
PD time and costs can be cut.

13.6 Conclusion

It has been well recognised that WWW technology provides an efficient tool and
a very promising direction for manufacturing companies to revolutionize their way
of managing and integrating information flows in an enterprise. This chapter pre-
sented a framework to develop a WWW-based information management system for
rapid and integrated PD. A prototype based on this framework has been developed
and implemented in a New Zealand manufacturing company to support their mould
PD. The structure of the proposed system reflects two aspects: the basic structure of
information sharing and the integrated environment for task execution (i.e., optimi-
sation). Our initial experiments during the development of this system with database
management system, automatic e-mail transferring system, manufacturing work-
flow systems and the cost optimisation module have been very encouraging. The
manufacturing company involved in this research project has adopted the system in
the mould/tool products development process. Problems existing in the company as
mentioned in Section 13.1 have been solved. The PD cost has been cut and PD lead
time has been shortened.
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Chapter 14

Internet-based “Design for X”’ for Rapid
and Economical Tool-/Mould-making

Abstract Computer Internet communication technology offers tremendous poten-
tial for building computer communication and software platforms for the rapid de-
velopment of OKP products to meet global competition. In the past few years, a vari-
ety of Internet-based systems have been developed for the purpose of RPD. Among
these systems, Internet-based “Design for X (DFX)” systems have been recognised
as an efficient tool for the implementation of concurrent engineering and playing
a key role in RPD. Internet-based DFX or IDFX systems can be applied by man-
ufacturing companies to rapidly produce high quality products with low costs and
higher profits. However, the implementation of IDFX systems is not an easy task.
This is because many new techniques are involved in the application of IDFX, and
PD processes are normally sophisticated and vary with PD environments. In this
chapter, as illustrated by case studies, two typical applications of IDFX, Internet-
based design for manufacture (IDFM) and Internet-based design for cost (IDFC)
systems, are proposed for rapid and economical tool-/mould-making. The structure
and the key models of the systems are discussed.

14.1 Introduction

DFX has been recognised as one of the most effective approaches to implement
concurrent engineering for the goals of RPD (Xie et al. 2001). Efficient DFX tools
can be used to gather and present facts about products and processes, to clarify and
analyse relationships between products and processes, to measure performance, to
provide redesign advice on how a product design and manufacture can be improved,
etc. The advantages of implementing DFX can be summarised as:

1. it provides measurable competitive improvements, which include improved
quality, compressed cycle time, reduced life-cycle cost, increased flexibility, im-
proved productivity, and enhanced customer satisfaction;

2. it improves and rationalises decisions on product design, process planning and
resource deployment;

3. it has a far-reaching effect on operational efficiency in PD (Huang 1996).

S. Xie, Rapid One-of-a-kind Product Development. © Springer 2011 295



296 14 Internet-based “Design for X for Rapid and Economical Tool-/Mould-making

Internet technology is also becoming popular for DFX analysis (Wagner et al. 1997)
as it can bring tremendous benefits for manufacturing companies, especially those
with partners that are globally distributed. Internet-based DFX services can be used
to support concurrent (Xie et al. 2001), collaborative and economical PD, to reduce
the time and cost of product design, assembly and manufacture. Using Internet to
deliver DFX functions can help to achieve better communications, closer coopera-
tion, concurrence, transparency, improved customer and supplier involvement, eas-
ier project management, team-building in design work, and rationalising and struc-
turing the PD process. For example, Internet-based DFA technology can be used
to reduce the cost and time of assembly in a distributed manner by simplifying the
product and process by means of reducing the number of parts, combining two or
more parts into one, reducing or eliminating adjustments, simplifying assembly op-
erations, designing for parts handling and presentation, selecting fasteners for ease
of assembly, minimising parts tangling, and ensuring that products are easily tested.
IDFC (internet-based design for cost) systems can help to eliminate those expen-
sive and unnecessary features of a part that lead to increased product manufacturing
costs. IDFM (internet-based design for manufacture) systems can help to determine
the manufacturability of the possible designs, manufacturing process, machine tools,
etc. at early design stages. The application of IDFM systems can help eliminate un-
necessary features of a part that are often difficult or impossible to manufacture. The
impact of Internet-based DFX or IDFX systems can be found throughout the entire
PD life cycle, e.g., application of Internet-based DFA to reduce the number of parts
will in turn reduce inventory and inventory management efforts.

Although there are many advantages of developing IDFX systems for RPD, the
implementation of IDFX systems is not an easy task. Several problems have oc-
curred in recent years when implementing DFX systems. Among these problems,
an important question is whether there exists a basic pattern for the development
of these DFX tools (Olesen 1992). Another important issue is how traditional DFX
systems can be updated to meet the requirements of the global RPD environment.
These problems have become major hurdles to developing and implementing IDFX
systems.

14.2 System Structure

Figure 14.1 shows the structure of the Internet-based DFX system. The Internet-
based DFM system consists of two major components. The first is the Internet-
based DFM data/knowledge base that contains mould product DFX information
and knowledge. The DFX data/knowledge base is modelled according to a mod-
elling methodology that will be addressed in Section 14.3. The DFX data/knowledge
base is organised in appropriate forms for easy access. The other component is the
Internet-based prototype system to deliver the DFEX functions through the Internet.
This prototype system was developed for a mould manufacturing company, and con-
tains three subsystems: client system, server system and DFX knowledge system.
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Figure 14.1 Structure of the Internet-based DFX system

The DFX knowledge system is a Microsoft Windows NT server computer that
runs a product data management system (Kim ez al. 2001, Tu et al. 2000). The prod-
uct data management system is stored in a SQL server, which can be accessed from
other servers or clients by using designed interfaces and tools. The main function
of the product data management system is built based on the DFX principle, which
contains all the guidelines of the DFX (mainly DFM and DFC) for plastic injection
moulds development (Gregory 1998).

The server system is also a Microsoft Windows NT server computer that runs
the Web server software systems such as Internet Information Server (IIS), Blazix
Java Web-Server and EJB-Server (http://www.blazix.com/). These servers are used
to provide the Internet services. There is a virtual directory in the Web server.
All the Web applications of the software systems (e.g., ASP file, HTML file)
are stored in the virtual directory and these files can be accessed from either in-
side or outside the company. In this system, Internet publishing tools have been
developed using Visual Basic to automatically publish DFM guidelines on the
Web.

The client system is a local computer that runs Internet Explorer or other Web
browser software tools. The clients are usually members of the product design and
production team. They can use the client system to exchange ideas and discuss the
issues in the PD process in real-time. They can also form new DFM data knowledge
according to given priorities which can be used as new guidelines for designing and
manufacturing similar products.

The IDFX systems also contain several customer interface objects, such as prod-
uct interface, tool interface, cost interface and manufacture interface. These inter-
face objects were developed for the different functional departments in a company
through the use of Internet Explorer to access DFX knowledge databases accord-
ing to the predefined privileges. Some software tools are developed to support the
Internet-based DFM system, e.g., communication tools among these three subsys-
tems, data modelling and searching model, and customer interface. These software
tools were addressed by Tu et al. (2000).
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14.3 DFX Knowledge Base Structure

14.3.1 Knowledge Base Structure

As mentioned in Section 14.2, the DFX data/knowledge base is one of the important
components of the IDFX systems. The DFX data/knowledge base has to be built
in an appropriate form so that the DFX information and knowledge can be easily
managed and reused as guidelines. This section addresses how the DFX knowledge
base can be built through creating a distributed DFM knowledge base in an injec-
tion mould manufacturing company. Figure 14.2 shows the structure of the DFM
data/knowledge base. It represents a generic structure of an object-oriented database
management system. As shown in Figure 14.2, this DFM data/knowledge base sys-
tem contains the product information, tool information, manufacturing information,
and supplier information. The structure of DFX knowledge bases is built accord-
ing to the requirements and the structures of the company, e.g., the product design
database contains all the design specifications, geometric information and other in-
formation from the downside stream (i.e., manufacturability and cost). These DFX
knowledge bases were built using an object-oriented database structure and man-
aged using CORBA (Fang et al. 2000) under the distributed computing environment.
Detailed information with regards to how CORBA is used to integrate structured
databases under multi-operation systems and multi-language environments are ad-
dressed by Fang et al. (2000) and Kim et al. (2001). The DFM data/knowledge base
can be used in a distributed environment. It eliminates the need to follow the prede-
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fined access paths to reach the target data, and makes the data access more flexible
even under different operating systems. This data structure facilitates uninterrupted
queries and it is well suited to the global manufacturing environment.

In a similar way, other DFX knowledge bases (e.g., DFC knowledge base) are
developed for rapid mould development based on an object-oriented and distributed
manner. Usually, DFX knowledge bases consist of the detailed knowledge that de-
scribes product design knowledge related to activities in other PD stages. To support
various types of data in industry, different types of objects were developed based on
a generic DFX model, this will be addressed in the following section. This generic
DFX model is very important not only for structuring DFX systems but also for
integrating the system with other PD systems, e.g., CAD system, product data man-
agement system and enterprise resource planning system. For instance, the product
design knowledge in a knowledge base usually needs to be associated with a product
number or other identity number so that it can be correctly and effectively retrieved
in the production.

14.3.2 Generic DFX Model

The need for a basic DFX pattern is essential for the development of IDFX tools. For
example, a generic DFX model would speed up the development of specific DFX
tools dramatically. It can provide a platform for integrating multiple DFX tools to
facilitate the flow of data and decisions between these DFX tools or systems. It also
provides a platform for integrating a DFX tool with other decision support systems
used in PD such as CAD/CAPP/CAM and CAPM (computer aided production man-
agement), and facilitates the flow of data and decisions between the DFX tool and
the other systems. Furthermore, a generic DFX model can provide a common ba-
sis on which a trade-off can be assessed between competing issues when multiple
DFX tools are used. The advantages of establishing a generic DFX model can be
further viewed from other prospects, such as speeding up the development of DFX
systems and helping to select appropriate DFX tool for a problem (Huang 1996).
In this chapter, a DFX data model based on the information framework proposed in
Chapter 4 is discussed.

In order to make the DFX (DFM/DFC) systems more compatible with other PD
software systems, a generic DFX data modelling methodology is needed for mod-
elling DFX (DFM/DFC) data and knowledge. In the Internet environment, product
data is one of the most important factors that need to be considered in the case of
dynamic changes of the PD processes. As there are different CAD/CAM systems
employed in most manufacturing companies, the data sharing or exchange between
different systems is essential to achieve RPD. A DFX data model based on STEP
can support product data exchange among heterogenous CAD/CAM systems (Yang
and Pei 1999). The proprietary file formats do not meet the need for dynamic data
exchange between different systems in a global environment. The combination of
STEP and Internet-based data model solutions (e.g., CORBA) provide a solution
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to solve the product data exchange problems (Zhang et al. 2000) and is becoming
a new emerging standard for the exchange of product data throughout the whole life
cycle of a product in a distributed network environment (Mangesh et al. 2000). Xie
et al. (2002) proposed a WW W-based information management system for rapid and
integrated mould product development. Tu et al. (2000) presented a STEP-based
information-modelling framework to cover the whole life cycle of mould design
and manufacturing processes. This information-modelling framework is called step-
structure information modelling framework, which contains four top-down informa-
tion layers, these are the knowledge layer, parts layer, feature layer and parametric
layer as discussed in Chapter 12. This framework was first used for information
modelling of sheet metal parts and has been extended for modelling mould PD pro-
cesses. The DFX data model of a mould can be built by following this information
framework, which includes the following layers: DFX knowledge layer, DFX prod-
uct layer, DFX feature layer and DFX parametric layer. The DFX parametric layer
contains the geometric data of the shape feature of a product (or mould) in terms
of “X” information, e.g., the manufacturing information for a special feature. The
DFX feature layer contains all the feature-related DFX information data that in-
clude not only the feature information (or attributes) but also relationships between
the “X” information objects on the feature level. The DFX part layer contains all
the part information data that include down-level DFX feature information and the
relationships among part-level DFX information objects. The DFX knowledge layer
contains not only the DFX part information, but also DFX knowledge-related infor-
mation, as well as an inference engine. The knowledge in the knowledge layer is
extracted from DFX part-level knowledge and DFX feature-level knowledge, which
are formed by information objects and relationships between the objects.

14.4 DFX via the Internet

This section will discuss how two important IDFX systems for rapid and economical
development of a plastics injection mould are implemented, i.e., the IDFM system
and the IDFC system. The method and process of developing these two IDFX sys-
tems are generally applied for the development of other IDFX systems, such as an
IDFA system, an IDFR (internet-based design for resource) system.

14.4.1 IDFM for Rapid Mould Development

In order to support rapid mould development, an IDFM system for a mould-
manufacturing company in New Zealand has been developed. Figure 14.3 shows
some screen printouts from this system. This system can achieve the DFM functions
through Internet access. It can be used to develop modular products that are normally
assembled by common components, e.g., a plastics injection mould. It helps to pre-
vent unnecessarily complex feature design and manufacturing requirements, such
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as overly smooth surface requirements, a radius that is unnecessarily small, and tol-
erances that are unnecessarily tight. The objective of reducing the number of parts
in the DFM can lead to highly integrated, complicated, and multi-functional parts.
On the other hand, the DFM also aims to keep an individual part simple, because
extremely complicated parts can hide a high cost that is not initially apparent.

As shown in Figure 14.3, the IDFM system includes the following main func-
tions:

1. An Internet-based DFM data/knowledge base that contains specific guidelines
organised in an appropriate form for easy access, which is addressed in Sec-
tion 14.3.

2. Internet-based tools for data operations (e.g., edit, search and retrieve) of the
DFM data/knowledge base and other databases.

3. Various DFM checklists and guidelines, which provide examples of good prac-
tice, and remind the designer to check various manufacturing requirements and
constraints.

Product designers can easily obtain the knowledge of a product design and manufac-
ture by checking the manufacturing information from the product ID. The Internet-
based DFM system is also supported by a computer software system that is able to
score a product in terms of ease of assembly, assembly cost and time.
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The DFM guidelines can be automatically reorganised and reformed according
to the subcomponents of a new mould (or product). This will allow the manufactur-
ing company to meet the dynamic changes in its global market, while reducing the
workload of the product manufacture.

Based on the generic DFX model discussed in Section 14.3.2, a product data
model is built based on the “common object concept”. This data model can be
used to model various moulds and can be accessed by using various PD tools (e.g.,
a CAD/CAM system a product data management system, an Internet-based logistics
management system, a computer aided management system, efc.). This common ob-
jectis part of the STEP-based data model that is used to model various products. The
information that is included in the data model is also stored in the DFM knowledge
bases. As described by Tu ef al. (2001), a product that is modelled in this system
is called a “soft product”. The soft product in Internet-based DFX systems provides
a detailed roadmap for manufacturing a physical product, e.g., an industrial switch
as shown in Figure 14.3. The physical product is called a “hard product” by Tu et al.
(2001). It is obvious that if a soft product is developed, a hard product can be rapidly
produced in the company.

Through the implementation of this IDFM system, the company has reported
a decrease in costly redesigns, design errors, manufacturing costs and cycle times.
The structure of the IDFM system can easily be extended for developing other
IDFX systems, e.g., an IDFA system and an IDFC system. The DFA technology
is closely linked to the DFM technology, but is oriented primarily to assemblies,
semi-assemblies, and the final product.

From the discussions above, it is obvious that product developers, through IDFM
systems (including the related product data management system), are able to access
information that is useful for them to improve the design of the part. This is very
important for rapidly developing new products. The IDFM system can be called up
to analyse the current state of their designs, point out where the design is too com-
plicated, and indicate possible areas of improvement. This is critical at the product
design stage, especially in the earlier design stage. The DFM is best performed at
the conceptual product design stage, before major decisions about the product and
process characteristics have been finalised. At this early stage of design, there may
not be much information to work with, but the IDFM systems will ensure that all
the existing information can be made available to a product design team, which may
be globally distributed.

14.4.2 IDFC for Economical Mould Development

This section presents an IDFC system developed to help mould designers predict
the costs of manufacturing injection moulds and enable them to make more cost-
effective design decisions. The main goal of the IDFC system is to estimate the PD
cost during the early design stages through achieving the following objectives:

1. to determine the segment of a part model that may cause high PD cost;
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Figure 14.4 Basic structure of IDFC for developing plastic

2. to provide an environment to estimate alternative costs of possible designs;
3. to automatically calculate and optimise the PD cost and help decision-making
at the early product stages.

In order to develop an IDFC software tool for early cost estimation, the steps re-
quired to estimate the manufacturing cost need to be identified. Figure 14.4 shows
the cost estimation steps of developing an injection mould. Different from what is
discussed in Chapter 6, the IDFC discussed in this chapter is more specific in cost
estimation and optimisation, developing a mould that normally consists of basic
common components. Its cost optimisation and estimation methods are also differ-
ent from those used in sheet metal part development as described in Chapter 6.

In the IDFC system, the costing process normally consist of the following steps.
First, to estimate the mould development cost, the mould-making processes need to
be decided. The mould-making processes are decided according to the mould design
specifications. Then the cost of making a mould is estimated by adding up the costs
incurred in these mould-making process as well as the material costs. Usually, the
cost estimate of making a plastic injection mould requires the incorporation of raw
material, labour, machine setup and operating costs, and overheads. In real life,
mould cost is estimated according to rough plastic part features or merely a mockup
(i.e., without the details of mould design) at the early design stages for the evaluation
of different design alternatives or for providing a customer quotation.

To support RPD, in the cost estimation process, a number of product and process
requirements and constraints in the areas of part features, mould design, mould-
making processes, economics of mould-making and part moulding costs, etc. should
be considered simultaneously. Hence, the IDFC system is designed to be used in
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a concurrent engineering environment to provide board density information, scrap
and rework cost estimates and a breakdown of setup, labour and material costs for
each step of the injection moulds development process. As shown in Figure 14.4,
the IDFC system includes the following entities:

1. User and design interface: interfaces can be used by design teams/designers
through the Internet.

2. Costing algorithms: developed to perform cost calculation and estimation (Gre-
gory 1998, Tu et al. 2007, Xie 2001).

3. IDFC knowledge base/database: designed based on the breakdown costs and the
detailed steps in the mould development process.

4. IDFC tools: designed to perform functions, e.g., gather and present facts, pro-
vide suggestions for possible cost reduction, diagnose costly designs, etc.

As shown in Figure 14.5, the IDFC system also contains:

1. an Internet-based DFC data/knowledge base that contains specific guidelines
organised in an appropriate form for easy access;
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Figure 14.5 DFC via the Internet
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2. Internet-based tools for cost calculation, data operations (e.g., edit, search and
retrieve) of the DFC data/knowledge base and other databases;

3. DFC checklists and guidelines, which provide examples of good economical de-
sign, and remind the designer to check various costly designs. Product designers
can easily obtain knowledge of product design and cost by checking the detailed
cost information from the mould product ID and feature ID.

The DFC guidelines can be automatically reorganised and reformed according to
the subcomponents of a new mould (or product) and the generic DFX model. This
will allow the manufacturing company to meet the dynamic changes in its global
market by providing products with suitable prices.

To test the IDFC system with these cost functions, a case study has been carried
out to determine the cost of making an injection mould, which is used to make the
front and back panels of a home power manager as shown in Figure 14.6. In order
to reduce the costs, the front and rear panels were moulded together in a two-cavity
family mould. One of each is therefore produced with every injection cycle. The
injection mould is shown in Figure 14.6. It is a two-way split injection mould with
a ‘Z gate’ runner system. This runner system carries the molten polymer to the back
of the component so that the injection point blemishes end up on the inside of the
final assembly, unseen by users. The information in the pricing schedule makes it
possible to form cost estimates for the various components of an average moulding
tool.

As discussed in Section 14.3, a DFC knowledge base was built to model the
mould PD information and cost information. The pricing schedule of the moulding
tool provided by the manufacturing companies is modelled in the DFC knowledge
base. These cost information data in the DFC knowledge base are used for the cost
estimation

For the home power manager, the manufacturing costs can be estimated with the
costing methods above, and are shown in Table 14.1. These values can be seen from
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Table 14.1 Costs for manufacture of the injection mould

Item Total cost
Raw mterials $2308.00
Mould base cost $1100.00
Heat treatment $200.00
Freight $300.00
Labour @ $53/h $28,408.00
$32,316.00

the Web page in Figure 14.5. The mould cost generated by the IDFC software tool
is NZ$32,316. In order to calculate the labour cost for machining EDM electrodes
and the cavity with the equations created above, the relevant ratios for estimating
machining costs have been identified. A more detailed report for the machining
costs is presented by Gregory (1998).

14.5 Conclusion

In this chapter, a new approach for developing IDFX systems is introduced for
rapidly and economically developing plastic injection moulds. The structures of the
systems are presented. A generic DFX model is introduced for developing various
IDFX systems. Based on this data model, DFX knowledge bases for plastic injec-
tion mould development and Internet-based DFX (IDFM and IDFC) systems have
been built. These tools utilise algorithms that predict the level of activity at each
step in the manufacturing system, as driven by decisions about the design and pro-
duction of injection moulds. The IDFM/IDFC systems allow engineers to try design
alternatives, with immediate feedback given, to help lead them to cost-effective and
rapid designs. These systems have several important features. First, the IDFM and
IDFC systems can be used in concurrent engineering environments. Second, the
developed IDFM and IDFC systems are based on a generic DFX model. Various
software tools that are employed at different stages of the mould development can
easily access this model without a middle data translator. Third, the management
of the DFX data/knowledge base is relatively easy. Fourth, the DFX guidelines are
organised in an appropriate form and can be automatically reorganised for modular
products. Finally, the IDFX system can be easily integrated with other Internet-
based PD software tools or systems.
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Chapter 15

Optimal Process Planning
for Compound Laser Cutting and Punching
Using Genetic Algorithms

Abstract Process planning has become an important stage for OKP companies as
global competition has intensified the need to reduce the cost of products. This chap-
ter uses sheet metal work as an example to discuss how new algorithms can be used
to improve efficiency and to reduce cost. An optimal process planner can maximise
the utilisation of costly raw material resources, improve machining efficiency, and
hence reduce product cost. However, two problems must be overcome before such
an optimal process planner can be developed; nesting and machining path planning.
The nesting requirement is to maximise sheet metal material utilisation ratio by
nesting parts of various shapes into the sheet. The path planning requirement is to
optimise machining sequence so that the total machining path distance and machin-
ing time are minimised. This work investigates the two problems using genetic al-
gorithms. The proposed genetic algorithm approach uses a genetic encoding scheme
and a genetic reproduction strategy to reach an optimum solution. Case studies are
carried out to test the genetic algorithms. The effectiveness of the genetic algorithm
path planning approach is compared with that of the “ant colony” algorithm (Wang
and Xie 2005). The results show that the genetic algorithm achieves better perfor-
mances for path planning than the ant colony algorithm.

15.1 Introduction

In the sheet metal industry, there are many of small or medium sized enterprises
(SMES). These manufacturing companies have been facing competitive pressures in
the marketplace. This pressure has forced them to make significant effort in shorten-
ing product development (PD) lead time, improve production efficiency, approach
high quality standards, but at the same time cut down costs.

S. Xie, Rapid One-of-a-kind Product Development. © Springer 2011 309
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Compound machines (Xie et al. 2001), or combined punch and laser cutting ma-
chines (Clark and Carbone 1980, Wang et al. 2010), have been developed to increase
the functionality and efficiency of sheet metal machining. By using this compound
method, the cutting process and punching process can be carried out sequentially
or concurrently on the same CNC sheet metal compound machine without altering
the fixtures. This compound manufacturing method uses the high efficiency and low
cost advantages of CNC punching as well as the high flexibility of CNC cutting for
complex contour cutting (Xie et al. 2001).

Normally, sheet metal product design, process planning, and manufacturing are
achieved using different computer aided software tools. They normally include
a computer aided design (CAD) system (which takes care of product design), and
computer aided process planning (which translates design information into process
steps and instructions to efficiently and effectively manufacture products). Com-
puter aided process planning includes a computer aided path planning (CAPP) sys-
tem responsible for generating optimal tool paths and a computer aided nesting
(CAN) system for optimal nesting of 2D parts with regular and complicated shapes
(in order to effectively improve the utilisation ratio of sheet metal materials), as well
as a computer aided manufacturing (CAM) system generating G and M-codes for
different sheet metal processing machines (Xie and Xu 2006).

The machining path planning and the nesting problems are both combinatorial
optimisation problems, which have been proven to have high computational com-
plexity. In literature, the optimum path planning problem is traditionally addressed
as a “Travelling Salesman Problem” (TSP), which has been the subject of research
for many decades (Hwang and Ahuja 1992). The 2D sheet metal path planning
problem is similar to the traditional TSP problem. It can be described as follows:
given a set of starting and end points of the machining operations, such as cutting
or punching, the objective is to find the shortest path of all of the points of a cutting
process or a punching process. The distance between each pair of points is symmet-
ric in sheet metal path planning optimisation.

The nesting problem is defined as the problem of finding an efficient layout of
products to be cut in a containing region without overlapping. Its main objective is to
maximise the use of material. The nesting problem is characterised by the intrinsic
difficulty of dealing with geometry, satisfaction of the no-overlapping and contain-
ment constraints, and complex computation. Currently, there is a lack of practical
algorithms in industry to nest complex and multiplex parts, which impedes the real-
isation of effective automatic nesting (Xie et al. 2001).

Although process planning tools have been used on general sheet metal cutting
or punching machines, as well as compound machines, the optimisation of pro-
cess planning dedicated to compound machines is limited. This work addresses the
process planning problems for the compound punch-laser machine using genetic
algorithms. The genetic algorithms are developed for optimisation of both the cut-
ting and punching tool path as well as and the nesting of 2D parts with regular and
complicated shapes. This enables future work on the efficient integration of the two
algorithms for finding a global optimal solution for both nesting and path planning.
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15.2 Literature Review

The branch and bound algorithm is an insertion algorithm (Nee et al. 1986) which
does a truncated search on the entire solution space. The branching generates all
the possible solutions available while bounding limits the search by not expanding
a partial tour if it is already longer than the best solution. Computational experience
with this method shows that there is a difficulty in setting the bound that limits the
search without compromising optimality. The Clarke—Wright saving heuristic (Al-
bano and Sapuppo 1980) is derived from a more general vehicle routing algorithm
by choosing a point as a hub. The initial solution starts with the salesman returning
after visiting every other point. The construction terminates when the hub is con-
nected to only two other points. The best performance of this algorithm is better
than that of the greedy algorithm.

Tabu search (Han and Na 1996) is based on the assumption that all locally op-
timal solutions are not good global solutions. Therefore, by minimising the ran-
domised starting heuristic using a tabu list (a list close to the solution just found),
a global optimum can be found. It is more effective than the original 2-opt and 3-opt
since it considers only a tabu list instead of random starting points. However, the use
of a tabu list in preference to the random starting heuristic restricts the algorithm,
which in some cases “misses” the optimum path.

Meeran and Shafie (1997) implemented the convex hull boundary into a system
for the given set of points as its initial subtour. Then a local search heuristic is
applied successively until all the given points are included in the path. Every point
is identified in a family hierarchy, hence the relationship between each point inside
the convex hull boundary and the convex edges can be established without using
a combinatorial search.

Considering the contours of the sheet products, the sheet metal nesting problem
can be classified into two types: regular nesting and irregular nesting. The regular
nesting problems typically considered is the 2D rectangular nesting problem. Lesh
and Marks (2000) presented a “bottom-left-decreasing” (BLD) algorithm that in-
cludes successive random perturbations of the original four decreasing orderings.
The bottom-left heuristic sorted the rectangles by decreasing width, but the heuris-
tic is not competitive when sorted by decreasing height. Hopper and Turton (1999)
solved a 2D packing problem frequently encountered in the wood, glass and paper
industry, which consists of nesting rectangular shaped parts onto a rectangular ob-
ject while minimising the object space used. The nesting process has to ensure that
there is no overlap between the rectangular parts, which are allowed to rotate by 90°.

Qu and Sanders (1987) discussed a heuristic nesting algorithm for irregular parts
and the factors affecting trim loss. They represented irregular shapes according to
a set of non-overlapping rectangles. The system places each part in an orientation
such that its length is larger than its height and always facing towards the bottom-
left most direction. The parts are then sorted by non-increasing part height. The
shapes are packed into a rectangular scene in a raster fashion, building up layers of
intermeshed packed shapes.
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Dori and Ben-Bassat (1984) were the first to investigate the nesting of shapes
within a polygon rather than a rectangle. They made the assumption that the packing
plane is infinite. The algorithm is only applicable to the nesting of congruent convex
shapes. The problem involves cutting a number of similar but irregular pieces from
a steel board. This is referred to as the template-layout problem.

Qu and Sanders (1987) proposed a heuristic nesting algorithm for irregular parts
and the factors affecting trim loss. They represented irregular shapes according to
a set of non-overlapping rectangles. The system places each part in an orientation
such that its length is larger than its height and always facing towards the bottom-left
most direction. The parts are then sorted by increasing part height. The shapes are
packed into a rectangular scene in a raster fashion, building up layers of intermeshed
packed shapes.

Wang and Xie (2005) addressed the process-planning problem for the combined
punch-laser machine by integrating knowledge, quantitative analysis, and numeri-
cal optimisation approaches. The ant colony optimisation (ACO) algorithms were
developed in searching the optimal tool path. Experimental results showed that their
proposed method can significantly improve the operation efficiency for the com-
bined punch—laser machine.

Based on our literature review, the optimisation of process planning dedicated
to compound laser cutting and punching machines, is still limited. The research
in this area is now behind the fast development of compound machines. This has
significantly influenced the efficiency and productivity of compound machines. This
work attempts to develop genetic algorithms for the optimisation of sheet metal
cutting and punching processes.

15.3 Genetic Approach

The products to be machined in compound machines are normally small in size.
They also have completely different shapes and sizes from one another. Normally,
one product could need both cutting and punching operations. According to our
experience, for a product that requires both cutting and punching operations, the
punching operations will be carried out first. This is due to the fact that extra fixtures
are required if the product is cut first. This is one of the constraints that needs to be
taken into account in process planning.

One assumption needs to be made first before discussing the proposed genetic
algorithm for path planning, which is that each product is represented by a starting
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point for the cutting operation (Xie et al. 2001) as shown in Figure 15.1. For punch-
ing operations, the centre point of the feature to be punched is used as the reference
point.

When nesting the contour of a product in a computer, the contour is represented
by a reference point, and the other vertex of this contour is calculated according to
the reference point. When manufacturing a sheet metal product, the machining tool
first goes to the reference point of this product. Then, different machining processes
are carried out, such as auxiliary cutting path design. Figure 15.1 illustrates the
reference point for three different product contours.

The main structure of the proposed genetic algorithm for path planning is showed
in Figure 15.2. A genetic integer coding scheme creates an initial population for
the genetic algorithm to find the optimum path. The generation loop records the
best results found in each generation, while the offspring loop reproduces at each
generation to generate the next generation. The process is terminated in two different
ways.

1. Manipulated stop. The optimum requirement is reached. For example, in some

cases, it is not necessary to have the optimal path since the computational com-
plexity is proportional to the accuracy of the optimum.
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2. Auto stop. The algorithm stops when it is designed to stop. For instance, if the
optimum result is estimated to appear after around the 90th generation, then we
can design the algorithm to stop at the 100th generation.

The evolving process of the proposed genetic algorithm contains two loops, the gen-
eration loop and offspring loop. The generation loop includes the offspring loop and
it records the optimum path found in each generation and terminates the genetic
algorithm when an ideal solution appears. On the other hand, the offspring loop
evolves the solution path in each generation in an improving means using several
operators, such as selection, crossover, mutation and replacement operators. In ad-
dition, an elitism scheme copies the optimum solution found in each generation to
the next generation population, which ensures the genetic algorithm evolves towards
the optimum.

15.3.1 Genetic Coding String

Each product is represented by an integer number. All the numbers combined form
a genetic string. The genetic string contains the sequence of the product machining
process. That is, which product is manufactured, which second, and so on.

Figure 15.3 shows an example representing a string of six products. The product
numbers “4, 1, 6, 3, 5, 2” are considered in the same sequence for manufacturing
these six products.

15.3.2 Initial Population

The size of the population significantly influences the search space and the com-
putation time needed to reach an optimal solution. According to the literature, the
population size is considered to be given by the length of the string (Hopper and
Turton 1999).

15.3.3 Fitness Function

Since the objective of path planning is to find the shortest path for the machining
operation, the fitness function equation is defined as follows:

1/F =D1,2+D2,3+...+Di,i+1+...+Dn_1’n

Figure 15.3 A genetic coding string for manufacturing six products
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where D; ;1 is the distance between the ith and (i 4+ 1)th product to be manufac-
tured, n is the total number of products to be manufactured.
On the other hand, the fitness function for genetic sheet metal nesting is

1/F = Height

where Height is the final height of the nested area (we assume that the nesting di-
rection is along the height).

The fitness function for any genetic string represents the effectiveness of the
string in the manufacturing process. During the genetic evolution process, strings
with higher fitness values will survive and those with lower fitness values will be
eliminated by the “survival of the fittest” principle in the genetic algorithm.

15.3.4 Genetic Reproduction

The main purpose of reproduction is to preserve the good strings in the popula-
tion and try to generate better strings in the population. To achieve the first task in
the genetic reproduction process, an elitism scheme is incorporated in the proposed
genetic algorithm. The elitism scheme passes the fittest string into the next genera-
tion without any changes. However, the second task is achieved by using different
genetic operators.

15.3.4.1 Selection

Two selection schemes are set to generate a mating pool from the previous gener-
ation but using different mechanisms. “Tournament” methods are more objective
than “roulette wheel” methods as they choose a small group first, and then pick up
the highest fitness within the small group.

In the roulette wheel method, a real-valued interval, Sum, is determined as either
the sum of the individuals’ expected selection probabilities or the sum of the raw
fitness values over all the individuals in the current population. Individuals are then
mapped one-to-one into contiguous intervals in the range [0, Sum]. The size of each
individual interval corresponds to the fitness value of the associated individual. For
example, in Figure 15.4 the circumference of the roulette wheel is the sum of all
six individual’s fitness values. Individual 5 is the fittest individual and occupies the
largest interval, whereas individuals 1 and 4 are the least fit individuals and have
correspondingly smaller intervals within the roulette wheel. To select an individual,
a random number is generated in the interval [0, Sum] and the individual whose
segment spans the random number is selected.

The tournament method work in three steps:

Step 1: Set a random number ¢ as the tournament size.
Step 2: Choose ¢ individuals from the population.
Step 3: Return the fittest individual of these 7.
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Figure 15.4 Roulette wheel
selection

15.3.4.2 Crossover

Two alternative types of crossover operator are the “uniform order-based” crossover
and the “partially matched” crossover. Each crossover operator is subjected to the
probability of crossover.

Uniform order-based crossover (UOX): two parent paths are selected according
to the probability of crossover. The UOX operator creates a mask of length equal
to the parent whose position value is ‘1’ or ‘0’ generated randomly. Starting from
the first position on the mask, if the value is ‘1°, the two children inherit the same
gene from the same position from the two parents; when the value is ‘0’, the first
child receives the corresponding gene from the second parent and the second child
receives the corresponding gene from the first parent. For example, as shown in
Table 15.1, the middle part of two paths is crossover by UOX, while creating new
chromosome 1 and 2, the first, third and sixth genes are inherited from parents,
chromosome 1 and 2, respectively, without change; while the second, fourth and
fifth are switched. According to the values of the positions in the mask, the first
value of the mask is 1, so the 10th gene value of the new path 1 is a copy the 10th
gene value of path 1, while the 10th gene of new path 2 gets the 10th gene value
of path 2. The second value of the mask is 0, then, the 11th gene value of the new
path 1 is the same as the 11th gene value of path 2.

Partially matched crossover (PMX): Instead of a mask, two crossover points are
generated randomly in PMX. First, PMX proceeds by position-wise exchanges be-
tween the two points. Then it maintains the crossed parts and transfers the rest that

Table 15.1 An example of applying uniform order-based crossover

Position of gene Ist . 10th 11th 12th 13th 14th 15th
Chromosome 1 1 16 7 22 31 10 25
Chromosome 2 1 . 25 31 7 16 22 10
mask 1 0 1 0 0 1
New_Chrom 1 1 16 31 22 7 10 25

New_Chrom 2 1 o 25 16 7 22 31 10
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Table 15.2 An example of applying partially matched crossover

Position of gene 10th 11th 12th 13th 14th 15th
Chromosome 1 .. 16 7 22 31 10 25
Chromosome 2 25 31 7 16 22 10
Step 1 . 7 16 22
22 31 10
New_Chrom 1 31 10 7 16 22 25
New_Chrom 2 ... 25 16 22 31 10 7

have the same value as genes in the crossed parts in each chromosome into the gene
lost during the crossing operation.

After the gene positions are picked up for crossover, such as the 11th, 13th and
14th genes, the PMX operator changes the values between them as a first step, fol-
lowing an elimination step, which checks the same genes in one chromosome and
replaces them with missing gene during the crossover process.

While shown in Table 15.2, the 12th and 14th positions are selected to be
crossover points. The PMX operator processes in two steps. The integers between
the 12th and 14th positions of chromosome 1 and 2 are exchanged in the first step.
In the second step, since the 10th and 11th gene has the same integer as the 13th and
12th, respectively, the 10th and 11th location is changed to values which different
from the integer value of crossing parts.

15.3.4.3 Mutation

While the crossover operation operates on two strings and changes the sequence
in which the products are to be manufactured, the mutation operator operates on
one string. Two types of mutation operators are applied in the proposed genetic
algorithm.

Flip operator: This operates within two flip sites of a chromosome. The values
insides the sites are reordered (inversed). For example, in a path chromosome, from
10th to 15th genes are reversed by the flip mutator as shown in Table 15.3.

Swap mutation: The values of two positions are switched under the swap op-
erator. Table 15.3 shows the swap mutation, which exchanges 11th and 14th gene
values.

Table 15.3 An example of applying two mutation operators

Position of gene 1st .. 10th 11th 12th 13th 14th 15th
Parent 1 1 16 7 22 31 10 25
Flip mutation 1 . 25 10 31 22 7 16

Swapmutation 1 ... 16 2 31 25
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15.4 Case Study

Case studies were carried out to test the feasibility of the proposed genetic algo-
rithms for the two optimisation issues. The performance of the algorithms were
compared with some existing algorithms described in the literature.

15.4.1 Sheet Metal Path Planning Problem

The purpose of this case study was to apply the proposed genetic path planning
algorithm to an industrial case and to demonstrate the performance of the proposed
algorithm in a sheet metal path planning process. Wang and Xie (2005) proposed an
ant colony algorithm for solving the path planning issue for combined sheet metal
machines. The results showed that the ant algorithm achieved a better performance
than the normally used intuitive method. In this research, the ant algorithm is used
as a comparison with the proposed genetic path planning algorithm.

Workpiece description. Figure 15.5 shows an example selected from Wang and
Xie (2005). It includes a batch of workpieces used for the case study. There are four
different types of components to be cut or punched: 104 small holes of diameter
350, 31 holes of 860, 31 100 contouring, 22 rectangular block contours and 30 clip
contours.

Two machining methods were used in the case study: punching and cutting. Fol-
lowing the defined cutting and punching rules in Wang and Xie (2005), the 22 rect-
angular blocks and the 30 clips were to be cut, while the rest of the features were
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to be punched. Since there are three sizes of hole features 850, 60 and ¢100, three
types of punch tool were used.

The case study investigates which algorithm of the two gives the shortest cut-
ting/punching path. The optimisation result and the time that it takes to arrive at the
solution are compared.

15.4.1.1 Genetic Path Planning

A genetic algorithm is developed to find the shortest machining path for the exam-
ple as illustrated in Section 15.2. This algorithm includes the following key mod-
ules/steps: genetic encoding, fitness function definition, genetic reproduction and
population replacement.

Genetic encoding. The coding strategy takes into consideration the notion of
a point and a path. For example, a point is represented as a gene in a genetic coding
string, which encodes to a positive integer. The points chosen depend on the types
of features. However, a path is comprised of these reference points and is encoded
into a chromosome, which is subsequently an ordered set of integers. Following the
chromosome string from left to right, the order of integers in a chromosome is the
order of the machining sequence.

Figure 15.6 illustrates the genetic path planning encoding according to the par-
ticular case. The name of each hole is represented as in the graph with integers from
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1 to 32 as part identity integers. The chromosome in Figure 15.6 lists the possible
machining sequence before optimisation is carried out. Each feature in the chromo-
some is represented as a gene. The genes are represented by 32 integers. Further-
more, the location of an integer in a chromosome string indicates the sequence of
the machining operation. For instance, part of this chromosome is defined as a mid-
dle path for explanation, 16, 7, 22, 31, 10 and 25. Integer 16 places at the position of
10th gene, which means feature 16 is the 10th feature to be machined in terms of this
path chromosome. In a similar manner, feature 7 is the 11th feature to be machined,
then feature 22, 31 and 10. Feature 25 thus is the last one to be machined.

Fitness function. According to the fitness equation defined in Section 15.2, the
chromosome illustrated before the fitness function of the middle parts is calculated
as an example.

f(x) =1/(di67 + d7,20 + dr 31 + d31,10 + dio,25)

where d 7 is the distance between feature 16 and 7.

Genetic reproduction. Several genetic operators are set up for reproduction.
Roulette wheel selection and tournament selection are alternative methods. Partially
matched crossover and uniform crossover with high crossover probability are two
options for genetic crossover. Two points swap mutation and flip mutation operators
are designed to avoid convergence in the proposed genetic algorithm.

15.4.1.2 Experimental Results and Discussion

@60 punching path optimisation. Figure 15.7 shows an optimal path (solid line)
found by the genetic algorithm, while the ant algorithm gives a different path as
shown by the dotted line.

The genetic algorithm used consists of 81 individuals in the mating pool initially,
a crossover probability of 0.8 and a mutation rate of 0.1.

Table 15.4 shows a comparison of the two machining routes generated by the ant
algorithm and the proposed genetic algorithm. The total lengths of the two machin-
ing routes are given, and it can be seen that the genetic algorithm produces a better
search result. The algorithm is able to find a machining path that is 169 mm shorter
than that found by the ant colony algorithm. The computation time is also shorter
than with the ant colony algorithm. In the experiment, the genetic algorithm runs 10
times with 500 loops. The results are recorded together with those of the ant colony
algorithm in Table 15.5.

Table 15.4 Performance comparison between the genetic algorithm and the ant colony algorithm

#60 punching
Time (s) Path length (mm)
Genetic algorithm 15.51 3546

Ant colony algorithm 23 3715
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Figure 15.7 Optimum paths found by the genetic algorithm and the ant algorithm

As shown in Table 15.5, the average performance of the proposed genetic algo-
rithm is much better than that of the ant colony algorithm. Although both algorithms
are evolutionary algorithms, the genetic algorithm is superior to the ant colony al-
gorithm with regard to time in this path planning task. This is important, especially
when the optimisation issue becomes more complex.

Genetic parameter investigation. An ideal choice of the genetic parameters guar-
antees better exploration of the solution space and quicker convergence towards
the optimal solution. A good balance between crossovers and mutations is needed.
Crossover allows the exploration of a wider neighbourhood of solutions, while mu-
tation allows diversification of the population. Similarly, a tradeoff between the size
of the population and the number of generations is necessary to guarantee good
quality solutions in short run times.

In this case study, there are in total 32 parts to be punched. The optimisation of the
path which a punch tool travels involves a large number of combinations. The results
of different combinations of crossover and mutation operators, crossover possibility
and mutation possibility, generation loops are listed in Appendix A.7. The results
indicate the combination of a partially matched crossover with crossover possibility

Table 15.5 Optimum punching path results using the genetic algorithm (GA) and ant colony algo-
rithm (AC)

AC Time(s) 22.89 2287 2283 2273 22.66 2272 2283 23 22.89 23
L (mm) 3611 3674 3542 3993 3827 3545 3611 3591 3452 3715
GA Time(s) 16.14 1595 1589 1575 16.15 1595 1578 15.67 1592 15.51
L (mm) 3499 3477 3540 3545 3560 3542 3568 3499 3495 3546
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Table 15.6 Optimum cutting path results using both ant colony algorithm and genetic algorithm

Ant colony Loops=60 Loops=80 Loops=100 Loops=120
algorithm

Time (s) 156.547 227.422 286.094 396.047
Length (mm) 9663.64 9716.586 9501.618 9492.532
Genetic pop =81, pop =81, pop = 151, pop =151,
algorithm Loops = 3000 Loops = 5000 Loops = 3000 Loops = 2000
Time (s) 216.844 544.688 197.016 288.016
Length (mm) 8914.5 8225.5 8637.7 8278.4

Table 15.7 Optimum paths results of punching and cutting

Cutting optimisation Time (s) Path length (mm)

Genetic algorithm 321.234 7911.7
Ant colony algorithm - 9348 — 212.64 = 9135.36

Note: 212.64 mm is the distance between last second point (1856, 110) and end point (2060, 50).
The end point means the machining header’s final position after the whole manufacturing pro-
cess.

of 0.9, a flip mutation with mutation possibility of 0.1 and initial population size of
61 yields the optimum path at around the 20,000th generation.

Cutting path optimisation. The encoding scheme and genetic operators are set
up as for the punching path optimisation, but this genetic algorithm has a large size
of initial population, 151, since it is a large problem size. Table 15.6 presents the
different numbers of generations (loops) and population sizes that are tested and
summarised.

Table 15.6 shows that the proposed genetic algorithm has better results than the
ant algorithm in terms of time and quality.

Paths integration. It is time to consider the punching and cutting machining pro-
cess at the same time, since in real manufacturing settings the two processes are
operated sequentially. The starting point is the same in the two algorithms to en-
able accurate comparison. The optimum paths are plotted on the same graph in
Figure 15.8.

The total distances of the cutting process using the two algorithms are shown in
Table 15.7.

It is undeniable that a significant improvement is achieved using the genetic al-
gorithm. A total shortening in the machining path of 1223.66 mm is obtained in
this example. The genetic algorithm is able to deliver the result within a fixed time
frame (321.234) while ant colony algorithm has no guarantees. Even running the ant
algorithm 10 times did not provide results as good as the genetic algorithm result.
During the investigation of both algorithms, the genetic algorithm finds the optimum
quickly while the ant algorithm improves smoothly with time.
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Figure 15.8 Optimum paths of punching and cutting machining process generated by ant algo-
rithm and genetic algorithm

The results found in this case study reported in this section suggest that the
proposed genetic algorithm could be an effective optimisation methodology: it has
proved its performance in a sheet metal path planning optimisation problem.

15.4.2 Sheet Metal Nesting

The difference between sheet metal path planning and nesting is the fitness function.
A bottom left heuristic algorithm is applied in the sheet metal nesting fitness func-
tion. In this chapter, we are concerned only with the rectangular sheet metal nesting
problem.

The case study is carried out nesting six rectangular items of various sizes. The
genetic coded nesting string contains only integers, which is a sequence of parts
coding identifications. A typical string is formulated as shown in Table 15.8.

In this particular string, the six elements represent the six nested parts. In view
of the complexity of the optimal placement of parts, the present approach considers
nesting the parts in a sequential manner. Part 5 with size 15x25 is the first one placed

Table 15.8 A string coded by the genetic algorithm and corresponding dimensions of the nested
parts

5 4 1 2 3 6

15 %25 20 x 10 10 x 30 15 %35 25 x 20 20 x 10
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Figure 15.9 Heuristic placement considering the coding string: 54 1236

in the heuristic algorithm, with Part 4 placed second. Following the sequence, Part 6
is the last to be nested into the sheet.

The heuristic algorithm considers each rectangular part in the same order that
appears in the string to generate a nesting pattern. To nest any particular parts, the
parts are arranged from the bottom left position of the sheet. It is ensured that the
part does not overlap previous parts or cross the boundary of the sheet. After placing
each part on the sheet, new positions for the next part to be placed are identified. The
positioning of parts on the sheet is based on a 2D translation. For translating the part
to any node, the bottom-left corner of the part, chosen as the reference point, is made
to coincide with that node. The following procedure is adopted for the generation of
the placement coding string shown in Table 15.8.

Step 1. The first rectangular part in the sequence, i.e., Part 5 (15 x 25 mm), is
translated to the bottom-left corner of the first rectangular sheet in the sequence,
i.e., the third sheet, in such a way that the first dimension (15 mm) is positioned
along the x-axis and the second dimension (25 mm) along the y-axis. After translat-
ing this part, positions, e.g., left-top corner and right-bottom corner of the part are
obtained to position the next part. These two nodes are represented as nodes 1 and
2 in Figure 15.9.

Step 2. The next part in the sequence is Part 2 (20 x 10 mm), which is translated
to node 2 since this particular node is located at the bottom-left position on the
remaining sheet. This part is positioned with 20 mm side along the x-axis and 10 mm
side parallel to the y-axis, as shown in Figure 15.9. Nodes 3 and 4 are identified as
new nodes to translate the next part on the sheet. In a similar manner, Parts 1 and 2
are also nested, and nodes 5, 6, 7 and 8 are identified as the new nodes to arrange
the next part. Nodes 5 and 7 are obtained by projecting the top horizontal edges of
Parts 1 and 7 onto the vertical edge of the sheet.

Step 3. The next part in the string sequence is Part 3. It is translated to the first
node where the part does not overlap with those that are already nested and ensures
the bottom-left-most position. After translating the part, nodes 9, 10, 11 and 12 are
identified as new nodes. Node 10 is obtained by projecting the right vertical edge
of Part 5 onto the top horizontal edge of Part 2. Nodes 11 and 12 are projections of
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horizontal edges of Parts 1 and 7 on the right vertical edge of Part 3. In a similar way,
the next and the last part in the sequence, is translated to the third node. Node 14 is
obtained by projecting the right vertical edge of Part 5 onto the top horizontal edge
of Part 3.

With the bottom left heuristic, the example given attains a material utilisation of
75 % using the proposed genetic nesting approach.

15.4.3 Discussion

The case studies show that the proposed genetic algorithms are able to provide good
solutions to sheet metal machining problems. It has been shown that the genetic
algorithm is able to produce better results than the ant colony algorithm that was
originally developed in our research group. The experimental results using the pro-
posed genetic algorithm show that the algorithm is able to find a better machining
path. This is achieved by designing effective genetic operators, which can improve
algorithm performance towards the optimum.

A genetic nesting algorithm is also proposed for solving a rectangular nesting
problem. However, this area requires further work to accommodate the nesting of
parts with irregular shapes (Xie and Xu 2006), which is more often encountered
in the sheet metal manufacturing process. The problem becomes more complex as
the shape of the parts becomes more complicated. Future studies will explore how
a genetic algorithm can be developed for this nesting issue. The ant colony algorithm
will be considered an alternative methodology for the nesting of irregular parts.

It is well known that the sheet metal path planning process is conducted after
a computer aided nesting process, which generates a compact layout based on min-
imising the wastage of sheet materials. However, this does not take into consid-
eration the efficiency of manufacturing processes. It is better, from the operation
efficiency point of view, to put products that have the same types of operations to-
gether. Future study will be made of the global optimisation of both path planning
and nesting integration.

15.5 Conclusion

A new search methodology based on an evolutionary process is introduced and stud-
ied in this work and its application to the solution of a classical optimisation problem
in the sheet metal manufacturing industry, sheet metal machining path planning and
sheet metal nesting issues.

This research investigates optimal process planning issues in sheet metal PD.
Genetic algorithms are proposed and developed for sheet metal part path planning
and nesting. Case studies are carried out to demonstrate the performance of the
proposed algorithms used for path planning optimisation issues.



326 15 Optimal Process Planning for Compound Laser Cutting and Punching

For the sheet metal path planning optimisation problem, the proposed genetic al-
gorithms are tested in a sheet metal industrial case against the ant colony algorithm.
The proposed genetic algorithms are programmed in Matlab. The experimental re-
sults are compared with results using the ant colony algorithm. The performance of
the proposed genetic algorithm is better than that of the ant colony algorithm.
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Chapter 16
Conclusion and Future Work

Abstract The last chapter starts with a brief summary of the goal of the book and
the future research problems faced by OKP researchers. With respect to the research
objectives as stated in Chapter 1, the major achievements or research findings are
summarised in Section 16.2. Section 16.3 discusses possible future research direc-
tions and topics.

16.1 The Goal of this Book

The primary goal of this book is to discuss the possible technologies for improving
OKP companies’ rapid PD ability so that they can remain profitable in the globally
and dynamically competitive market. In order to realise this goal, it is necessary to
develop new OKP systems, strategies, methods and algorithms for OKP companies
to handle these globally and dynamically competitive issues. The development and
integration of new technologies and methodologies under the global heterogeneous
environment have been the main problems faced by OKP researchers. This problem
can be addressed by an Internet-based integrated PD platform, as proposed in this
book. To apply this PD system in OKP sheet metal part/product or tool/mould devel-
opment, modules, which are important entities of the system, and relevant methods,
algorithms and concepts, have been developed through this work. These modules,
methods, algorithms and concepts make good examples and will be further sum-
marised in the following section.

16.2 Major Achievements and Research Findings

The work reported in this book is funded by the International Investment Opportu-
nity Fund (2008) and the Public Good Science Funding (1999) of the Foundation
for Research, Science and Technology (FORST) in New Zealand. The highlights and
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achievements of this research work through government funded research projects
include development of reference system architecture, methods, algorithms, con-
cepts and the necessary computer software tools and interfaces for Internet-based
rapid OKP development, and four software packages. The main findings of this re-
search have been published in international journals and conference proceedings.
The source codes of the main software tools and interfaces are attached in the Ap-
pendices and include:

1. A software platform for integrating different engineering software systems
on the intra/Internet. This software platform was developed using computer
intra/Internet communication and interfacing technology. It was designed as
a window-based and user-friendly software system. It can be used to integrate
different kinds of computer aided engineering software packages, e.g. CAD
system, CAPP system, cost analysis system, manufacturing process simulation
system, and shop floor operation simulation system, to effectively support the
global PD practices of OKP companies. This software platform includes rele-
vant databases and knowledge bases as presented in this book.

2. A computer aided product design, process planning and manufacturing software
package for intelligent and economical PD.

3. A WWW based software package for communication and data management
on the intra/Internets during a collaborative product design and manufacturing
process between an OKP company and its partners/customers.

The main research findings and contributions presented in this book are summarised
below.

1. Current rapid OKP PD systems, methods and technology review and compari-
son. An extensive literature review was provided in Chapter 2 on the historical
background of OKP and Internet-based product design and manufacture sys-
tems. From this literature review, the current approaches to rapid OKP PD were
evaluated and discussed against the needs for recently emerging global OKP PD
practices. The gaps and problems between the current technological state and
the practical needs have been identified. These gaps can be filled and problems
can be solved through the development of an Internet-based computer aided PD
system and a global collaborative PD concept and method. A reference system
architecture for the Internet-based rapid OKP PD system was developed and
proposed at the end of Chapter 2 of this book.

2. Internet-based integrated PD system for rapidly developing OKP parts/product.
This is an application of the proposed reference system architecture to the rapid
development of OKP sheet metal parts/products. From this successful indus-
trial test and implementation, the feasibility of the proposed reference system
architecture has been validated. To meet some special needs for sheet metal
part/product development, a number of technical modules and computer inter-
face were developed as entities of the system. These include system structure,
a RTCAPP (real time computer aided process planning) module, customer in-
terfaces, a simulation platform and a design/manufacturing knowledge bases
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module for supporting concurrent product design and manufacturing. The def-
inition and the structure of the integrated data structure for concurrent sheet
metal part/product design and manufacturing was also given in Part II of this
book. This Internet-based rapid OKP sheet metal part/product development sys-
tem has been tested with several industrial cases. These industrial implementa-
tions clearly show the advantages this Internet-based OKP development system
has over traditional systems.

3. Information modelling framework for intelligent and concurrent OKP parts de-
sign and manufacturing. As information integration is an important issue in
supporting integrated and concurrent PD, i.e. rapid PD, the structure of an in-
formation framework for concurrent design and manufacturing of OKP sheet
metal parts/products was developed and presented in Part II of this book. This
information framework was developed to build an information bridge to fill
the electronic data communication gaps among the sheet metal part/product
design system, process planning system and manufacturing/production sys-
tem. The principles of zero thickness and zero bend radius were proposed,
which can be used to abstract the geometry entities of sheet metal parts in
order to facilitate part modelling and information modelling. A tree-based
information modelling methodology was also presented in Chapter 4 as an im-
portant concept and method to support the implementation of this information
framework. This information framework enhances the overall system integration
of the Internet-based rapid OKP sheet metal part/product development system.
Its feasibility was tested by an industrial case study as reported in Part II of the
book.

4. Compound OKP product manufacturing process. To speed up an OKP sheet
metal part/product development, a compound cutting and punching method
was developed and tested in an industrial case study. This compound sheet
metal manufacturing process can simplify the sheet metal cutting and punch-
ing process planning and thereby simplify the part/product design. This sim-
plification can significantly reduce a sheet metal part development cycle time.
To implement this compound sheet metal manufacturing process, an integrated
CAD/CAPP/CAM system was developed and presented in Chapter 5 owing to
the fact that existing commercial CAD/CAM systems are not suitable for this
manufacturing method, especially under a concurrent and global PD strategy.
Some problems have to be solved before these existing commercial CAD/CAM
systems can be employed and integrated for this compound manufacturing
method. Some solutions to solve these problems were suggested. These in-
clude an integrated data exchange platform developed on the Pro/INTRALINK
of the Pro/ENGINEER (a commercial CAD/CAM package) and in the format
of STEP, and a knowledge-based RTCAPP system for compound sheet metal
cutting and punching. In addition to these, some modules were also developed
as entities of the integrated CAD/CAPP/CAM system. These include an auto-
matic tool selection and manufacturing process planning module, a shortest tool
path optimisation module, and an automatic insertion of auxiliary path module
based on knowledge bases.
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5. Cost estimation and optimisation for the rapid development of sheet metal parts/
products. To provide in-time cost estimates and optimisation results to support
decision-making of product developers in RPD, a feasible computer aided auto-
matic cost estimation and optimisation system was developed. This system was
built on a Cost Index Structure, which is generic and can be applied to all kinds
of PD. The cost estimate methods and optimisation algorithms are effective.
They can be easily understood by and implemented in industry. This concurrent
approach enables product developers to design the product, plan the processes,
schedule operations on the shop floor, manage logistics, and estimate and opti-
mally control the cost feature by feature.

6. Integrated product data model for PD life cycle. An integrated product data
model for the PD life cycle was developed. The emphasis of this research
work was placed on integrated data management and knowledge reuse to sup-
port a company’s practice to shorten its PD cycle. The integrated data struc-
ture was modelled utilising EXPRESS of STEP. In terms of the data structure,
a design/manufacturing knowledge base was developed as a major part of the
WWW-based PD system. This data structure was successfully applied to sup-
port the rapid development of an injection mould.

7. Internet-based product information management system for rapid OKP product
development. To facilitate the complicated data exchange and communications
between a master OKP company and its branches or partners via intra/Internet,
an Internet-based product information management system was developed. This
information management system includes a WWW-based, distributed and object
oriented databases and knowledge bases for product design and manufacturing;
a WWW-based database management system; Web browser interface to link
a local database to a web page browser; and an integrated software platform for
the integration of CAD, CAPP, CAM and WWW based information manage-
ment systems. This Internet-based information management system was imple-
mented in a New Zealand manufacturing company, which has its headquarter
in Christchurch and a number of branches or partners in other places in New
Zealand and overseas.

8. Internet-based DFX for rapid OKP product development. The application of
DFX, which is an effective method in concurrent engineering for RPD, to the
global and collaborative OKP PD was tested in this work. An Internet-based
DFX or IDFX system was developed for rapid tool/mould making. The struc-
tures of the system were presented and discussed in Chapter 9. A generic IDFX
system structure was further introduced in Chapter 9 for the development of var-
ious IDFX systems. Based on this system structure, IDFX knowledge bases for
a plastic injection mould development were created and the Internet-based DFX
(i.e. Internet-based design for manufacturing (IDFM) and Internet-based design
for cost (IDFC)) systems were built. The IDFM/IDFC systems allow engineers
to evaluate alternative designs with immediate feedback on manufacturability
and cost. This allows them to quickly come to an effective and economical de-
sign.
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The increasing level of customisation and the demand for individualised products has
been identified as a clear trend in the international manufacturing market, due to this,
more and more manufacturing companies are being forced to move towards OKP and
to develop OKP products at a faster pace. Hence, the Internet-based rapid OKP prod-
uct development as presented in this book will become an important research area in
the development of a new generation of manufacturing enterprises and systems.

It can be seen from this book that the development of suitable systems, meth-
ods and technology for rapid OKP PD in a global and collaborative environment
is a large and extensive research task. Although much research effort has been re-
ported in this book, there are still unsolved problems. Research work as reported in
this book can be further extended and some possible research directions have been
identified and summarised below.

16.3.1 Extending the Internet-based Rapid OKP Product
Development System

In Chapter 2, the structure and major components of the Internet-based rapid OKP
product development system have been defined. However, for the development of
different OKP products, some of the components may need to be different. As illus-
trated in Chapter 3, the PD system for sheet metal part/product development con-
tains some specific modules such as nesting, process planning and costing. Hence,
to be able to use the integrated PD system for rapidly developing other OKP prod-
ucts, further research should be carried out on the compatibility and interoperability
of the proposed reference system architecture.

16.3.2 Continually Upgrading the Internet-based Rapid OKP
Product Development System

As the PD system depends on new technologies and theories, the proposed reference
system architecture has to be continually upgraded with the development of modern
technology. New technology may affect data standards and modelling methodolo-
gies, knowledge modelling methods and Al support, global optimisation algorithms,
and Internet communication. Only by continuous upgrades, can the integrated OKP
PD system keep its advantage over other systems and help companies face the in-
creasing market competition.

16.3.3 Finding New Implementing Methodologies

Internet technology can be used by most global manufacturing companies. Research
efforts as reviewed in Chapter 2, as well as the research work reported in this book,
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have been aimed at the development of various kinds of RPD systems. However,
it is still not clear how effectively these systems and methods can be implemented
to support rapid OKP PD in a global and collaborative environment. In particular,
some software interfacing and development tools and methods are needed to effi-
ciently develop and effectively implement this type of Internet-based PD system.
These tools and methods will be able to provide a good connection between modern
computer technology and a rapid OKP PD process. They can be used to decrease
the time spent on programming work and shorten the time used to update an exist-
ing Internet-based rapid OKP product development system. This research requires
cooperation from both computer science and manufacturing areas.

16.3.4 Achieving High Level System Integration

As IRPD requires the integration of people, business processes and information
technology through a whole PD cycle, a high level system integration across all
the organisational functions in an OKP company as well as its suppliers and cus-
tomers is required. The information of a product on its design, manufacture, use,
maintenance and disposal is not only shared between the departments within a com-
pany, but also shared between the “partner” companies around the world (Chiu ef al.
2006, Wagner et al. 1997). This wider information sharing practice in today’s man-
ufacturing approach requires system integration that covers not only the informa-
tion sharing through a central data base in tradition, but also the technologies for
product design, process planning, computer simulation, manufacturing, knowledge
reuse and optimisation algorithms applied in a PD. To meet this demand of high
level system integration, new data structures, models and software developing tools
need to be developed. This includes: 1. life-time product data structure and mod-
els for integrating various computer aided engineering systems in a PD cycle (Tu
et al. 2001); 2. definition of generic attributes and consistent data models for PD
processes; 3. further development of STEP and improving its standardisation and
system interoperability.

16.3.5 Developing New CSCW and Interfacing Techniques

Since an IRPD system requires the cooperation of various engineering systems over
a network environment, CSCW and interfacing techniques are important for devel-
oping the IRPD systems. They directly affect the accuracy and efficiency of the data
management through a whole PD cycle. However, early as well as recent experience
has shown that CSCW technologies have not had much success in its application for
the development of Internet-based PD systems (Lubich 1995). Critical problems re-
sult mainly from the limitations of the technology itself and the compatibility with
other technical systems and social norms.
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On the other hand, the interfacing techniques in IRPD systems should have the
following capabilities: 1. workbench (common users interface to multiple PD appli-
cations); 2. process modelling and workflow management; 3. application encapsula-
tion and invocation; and 4. application data translation and transfer and multi-vender
networking and platform support. The common data exchange standards used, e.g.
CAD-NT, CGI, CGM, SET, PDES, STEP, and IGES, do not have the functional-
ities to directly support interfacing via variant application software packages. Al-
though great efforts have been made by us and many other researchers, e.g. Wang
and Bourne (1995), Lau and Jiang (1998), Dorador and Young (1999), Tu and Xie
(2000), Tu et al. (2001), Huaglory (2001), to resolve this problem, the research into
CSCW and interfacing techniques for the purpose of RPD is still in an early de-
velopment stage and further research is still needed. Interesting research topics for
IRPD include the use of STEP to represent non-geometric information (Wang 1995)
and the combination of Internet modelling methodology (e.g. HTML, CORBA, etc.)
with STEP (Hardwick ef al. 1996), and Internet-based data translators between var-
ious data formats (Heck et al. 2009, Zhang et al. 2000). These would be interesting
research topics for IRPD.

16.3.6 Expanding the Information Integration Framework

The information integration framework as proposed in Chapter 4 is an important
technology to improve system integration and was successfully used to fill the in-
formation gap between the design and other downstream sheet metal part/product
development processes. Although this information integration framework was de-
veloped for rapid OKP sheet metal part/product development, we believe it can be
further developed as a generic information integration framework for other OKP
product development.

16.3.7 Improving the Cost Estimation and Optimisation Algorithm

From the foregoing discussion, it is clear that cost estimation is an area of great re-
search interest. New technologies such as neural networks (Ju and Xi 2008, Ehrlen-
spiel and Schaal 1992; Bode 1998, 2000), activity based costing (Tamas ez al. 2000),
log—linear and non-linear learning curve model (Timothy 1999) AI and mathemat-
ical models (Xie et al. 2001) have been widely researched. However, a widely
accepted costing system or a system with wide applicability has not been found.
Chapter 6 proposed a cost estimate and control methodology for rapid sheet metal
part/product development. The cost optimisation algorithm as presented in Chap-
ter 6 was based on a multi-objective algorithm with the support of cost resources.
This algorithm works well when all the needed information is available. However, at
the very early design stage, there is usually not enough design or downstream infor-
mation available for the estimation algorithm. New and intelligent cost estimation
and optimisation algorithms need to be further researched.
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16.3.8 Further Development of Internet-based DF X

In Chapter 14, a prototype IDFX system was introduced for rapid tool-/mould-
making. To further apply this prototype IDFX system for rapidly developing other
types of OKP products, research is needed in the following areas:

1. Detailed DFX guidelines should be drawn up for various functions of “X” and
compiled in the IDFX systems.

2. Standard interfaces of the IDFX systems with product designers/design team
should be created for the purpose of providing the right information first time.

3. IDEX systems need to provide tools for building new DFX functions and criteria
for setting up the relevant guidelines.

4. Further research into generic DFX model for developing various IDFX systems
is needed.
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