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Preface

Comprehensive product realization, or Product Lifecycle Management (PLM),

is a holistic approach to sustainable product development from market analy-

sis, concept definition, design and analysis, production, customer service, all the

way to the product’s recycle. It is defined by a set of technological tools and a

change in business practices that will provide effective feedback mechanism to

support continuous and timely improvements in product development. It is a

methodology for the use of tools and technology enabled by a digital collabora-

tive environment, with the goal to improve competitiveness through the effec-

tive sharing and use and reuse of information.
PLM is highly applied area which has significant impact on industry and

provides numerous benefits to the adopters of technology and business prac-

tices, including: (i) increase in revenue through shorter time to market, (ii)

decrease in product costs through knowledge reuse, and (iii) decrease in product

development costs through effective feedback mechanisms. Some of the com-

monly used strategic metrics to measure PLM’s return on investment indicate

significant benefits of using PLM. According to IBM PLM On Demand Busi-

ness report, companies are reporting 20% increase in design productivity and

50–80% reduction in the time required to modify complex design, ability to

explore 50% more design options fostering innovation, conducting numeric

control programming up to 10 times faster and machining up to 35% faster,

60% reduction in pallet manufacturing time, 40% decrease in the errors found

at the final assembly stage, etc. Today when global competition is forcing

industry to reduce the cost of product development and manufacture, and

increase product options through mass customization, PLM is proving to be

an enabling technology that can gives manufacturers a competitive advantage.
The applications of PLM are expanding rapidly. According to CIMdata

Inc., the overall PLMmarket is expected to exceed $20 billion in 2008. TheNext

Generation Manufacturing Report funded by the NSF, published by Jordan

and Michel, and based on opinions of close to 500 industry experts, envisions

that manufacturing industry of 2020 will become highly dependant on Product

and Process Lifecycle Management (PPLM) to ‘‘integrate, connect and com-

bine people, processes, systems, and technologies of the extended enterprise to
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assure that the right information is available at the right location, with the right
resources, at the right time.’’

Although highly applied PLMhas numerous theoretical challenges that need
to be addressed and solved in order to take full advantage of the comprehensive
approach to product development. The major challenges are related to areas at
the boundaries between various well defined technical fields, as well as to
human aspects of implementation of the complex interdisciplinary and globally
diverse organizational structures.

The book presents some of the latest scientific findings and ideas along with
technical developments in the area of Product Lifecycle Management and
covers broad range of interdisciplinary topics ranging from measuring the
impact of PLM, social issues of PLM, product design optimization, PLM and
virtualization of product information, and multidisciplinary optimization. The
authors wish to thank all contributors for their contribution to the general body
of knowledge in this emerging interdisciplinary field, and for granting the
editors permission to use their material.

Old Dominion University, Norfolk, VA, USA Mileta M. Tomovic
Beihang University BeijingChina Shaoping Wang
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Product Life Cycle and Assessment Parameters

Jože Duhovnik

Abstract The paper presents a review of some important articles about the
product life cycle. The phases of the entire cycle are specifically defined, from
product development to its use and elimination. On the basis of this phase
definition, a concept of unified assessments is elaborated, which essentially
defines the characteristics of both the product and the external influences on
its life cycle. The main phases are presented, as well as the use of specific fields
that essentially supplement the assessment of a product’s suitability during
individual product life cycle phases. The design parameters are used and sup-
plemented with constraints during the product conquering phase. Specifically,
product parameters during the phase of product use are presented as the key
elements of assessment. Finally, the product elimination parameters are also
used for assessment. Costs are included as well; these are specific to each
product phase and need to be discussed separately. All the three product phases
form the basis of a comprehensive assessment. The division to three separate
product life cycle phases and definition of parameters for validating the pro-
duct’s characteristics constitute a significant contribution to a fuller under-
standing of the product life cycle process.

Keywords PLC � PDM � Lifecycle Assessment � Product Validation � Product
Perfection

1 Introduction

The term ‘‘Product Life Cycle’’ (PLC) denotes the product’s life in general. This
refers to products which constitute technical systems. Technical systems are for
example mechanical assemblies, electronic devices, information systems or
biotechnical systems. In principle, technical systems are intended for the fulfill-
ment of a certain technical process function [6]. Each technical process – as a

J. Duhovnik (*)
University of Ljubljana LECAD Laboratory for Global Product Realization
e-mail: joze.duhovnik@lecad.uni-lj.si

M.M. Tomovic, S. Wang (eds.), Product Realization: A Comprehensive Approach,
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cybernetic model – has transformation of material, information and energy. A

technical process can exist only if certain resources are available. In a similar

manner as technical processes are analyzed, the IDEF0 foundations are given

for process description [7]. A certain technical system placed in nature usually

serves a particular purpose. After the analysis of natural and technical pro-

cesses, one can establish whether a technical process is a good substitute to a

natural process [3]. The more a technical process can substitute a natural one,

the better the technical system substituting this natural process.
Figure 1 shows that the levels of processes and systems are the same when

compared in two environments: nature and technology. The crucial question

here is one of transition from a natural process to a technical one. A natural

process must be recognized as accurately as possible in order to recognize a

natural system (or its functioning) in sufficient detail. It is crucial to execute

the process of transition from a natural to a technical process as thoroughly

as possible. But this can be achieved only if a comparison is made of the two

systems: the natural one and the technical one. During such a comparison,

one seeks to achieve the highest possible level of perfection of the technical

system.
A requirement is usually set that the result of assessment of the level of

perfection of the technical system should be its level of perfection. Therefore,

this level will be sought in the technical part of the assessment. This method of

searching and assessment proved good with the axiomatic design method [13],

with which an optimal solution for a certain design parameter can be found.

During product development, however, not just a few parameters are taken into

account–a greater number is needed, including the constraints, which are those

NATURE

Nature processes

Product
of the Man

Technical processes

UNIVERSE, EARTH,
 ENVIRONMENTAL  

NATURE

Nature systems

Product
of the Man

Technical systmes

Recognition,
Description 

Description,
Substitution

Comparision 

ONTOLOGY
Natural and technical science

Description on  TELEOLOGY basis

Fig. 1 Connection between nature and technology vs. interaction of processes and systems
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that enable an optimum solution in a given environment. It is the optimality of

the solution that usually constitutes the most critical element of new product

development. Optimality as a condition takes into account certain given bound-

ary conditions, which are normally related to the environment in which the

product will be used, throughout its scope. Specifically, boundary conditions

are related to the technical and technological situation, as well as the directions

of development in a certain environment. For this reason, balancing between a

real natural system on one hand and a real technical system on the other is the

basic, constantly recurring question for each new product.
A product is not excluded from nature, it is connected with it in every case.

Many literature resources [4], [5], [8], [16] etc. have recently been recognizing the

basic product cycle in nature. Some authors distinguish between individual life

cycles with respect to product type [16] etc., while others seek a generalized

model based on material foundations, processes, manufacture, sales, recycling

and disposal [4], [5] and others.
After process analyses (design, manufacturing etc.), the understanding of

product life cycle was positioned within a closed cycle of material, information

and energy flow. Recently, the very last portion of the product life cycle, at

which point the product has reached the end of its use and essentially constitutes

only the material, has been increasingly studied. The development of new

materials is mainly aimed only at generating them, without considering their

disposal after use [17]. The level of knowledge about nature is low and the

process of product elimination is analyzed only to a small extent, therefore one

can expect large problems when dealing with recycling and disposal of products.

During development and designing of technical systems there is still insufficient

emphasis on the optimization of parameters of the third phase of the product

life cycle. It is no coincidence that the analysis of the last product’s phase is

difficult; the reason for this also lies in the fact that the product’s analysis during

the first phase of its life cycle is inadequate. Therefore, in the case of many

products, the problem of recycling is still addressed only at the end, and not

during their conceptual design, unfortunately. Researchers Xirochakis and

Dimitris [17] and [18] have specifically drawn our attention to this problem.
When knowledge of the entire PLC and of the essential variables for analyz-

ing the fulfillment of individual product functions becomes more comprehen-

sive we can expect to be able to systematically monitor the product life cycle.

The objective of this paper is to first provide a review of the structure of

activities taking place during a product life cycle and then to define individual

variables for high-quality product assessment through its individual phases. To

make assessment as unbiased as possible, a general method is derived below for

a quantitative evaluation of the results. A special chapter presents a generalized

diagram for changing individual variables throughout the product life cycle. A

generalized LPP-T (Level of Product Perfection-Time) diagramwill be given for

technical assessment; its logarithmic scale for the time variable significantly

simplifies the understanding of the product life cycle.

Product Life Cycle and Assessment Parameters 3



The characteristic constraints of the proposed presentation of the product
life cycle will be discussed in the conclusion.

2 Description of Individual PLC Phases

Any product, which is intended for the execution of a specific technical process,
is defined in the conceptual design phase and during analysis, including testing.
Processing of new products from idea to realization is called theDevelopment&
Design Process (D&DP). With respect to different levels of the design process
(from designing anew (i.e. from scratch) to adaptive design) [2], we sometimes
use the term Research & Development process (R&D) for designing a new, but
this includes only the developmental part of the process, in which special and
new product functions are researched and developed still in the form of a rough
prototype, and not a product undergoing manufacture. Such a process is
usually used for mass production (automobiles, pharmaceuticals, electronics).
During this period, a product is formed according to the basic requirements,
which are usually specified as a design task or a list of product specifications. In
some areas, some analysis like a RMS (Reconfigurable Manufacturing System)
present some method, which could be used for some particular evaluation in the
first step and finally used for development of the product. [1]. All methods of the
D&DP include an incorporated demand that the specification of requirements
be as clear as possible [6], [10], [12], [13], [14], [15] and others. On the basis of the
requirements, one can define assessment of the solutions or develop a mathe-
matical relationship for each product; this mathematical relationship is defined
on the basis of the characteristic parameters as the ‘‘design parameter’’ [13].
Thus some kind of axioms, which are product-specific, can be developed on the
basis of a design task. It is especially important to emphasize that this method is
impoverished, so to speak, because it does not take the constraints directly into
account; some researchers [11] do not even consider it asmethod for development
of new products. Because of the specificities of the D&DP, during which the
product is created andmaterialized, one can simply speak of product conquering.

According to various authors, the phase of product conquering usually
includes the following: an idea (which is related to the given situation based
on the natural environment), product development, engineering analysis,
designing, prototype, production, product manufacture and testing. The
descriptions of all these processes may vary somewhat with the author, but
the comparison of individual processes definitely reveals roughly matching
phases, as was explained in Fig. 2. In the presentations of some authors
discussing the product life cycle, the number of phases is usually reduced to
three: idea, conceptual design and product manufacture. The phase of product
conquering can be treated as a continual iterative process [3]. The essential
element at the iterative procedure of product conquering are activities taking
place in the designers’ room (a team with one expert from a particular field, or

4 J. Duhovnik



several such experts). The flow of information from specifications to the pre-
sentation and use always revolves within the ‘‘golden’’ loops [3], and the objec-
tive of this process is to reach the product’s golden mean of sorts (i.e. a
harmonious product, perfectly adjusted to its purpose in a specific
environment).

Important part in the design ‘‘golden loop’’ is specification of design require-
ments. On the list of design requirements is not just technical data, but also
commercial, financial, production, user profile and ecological. All those
requirements are as a starting position for searching the better answer, which
we are aspect from the designer. Designer in that case is a man or team at all.
According our knowledge all those requirements are normally specified but
later in the PLC are forgot and generate once. We proposed in our PDM and
PLM systems that the basic requirements should be used through all PLC.
During the PLC the new knowledge of the product was generate or described
continuously. This knowledge we just added on the list of requirements. One or
part of requirements should be change during the development process. In that
case we changed it. In the search process was happened that some new axioms,
new function or new data was done. We should understood that fact on the
dynamical way. So we added the list of specification.

All data on the specification list is a goal for the designers. Usually the
particular result on some development stage or phase the goal was not fully
satisfied. The differences between the goal and real result we unified with the

Designer`s
room
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Specification of design requirements:

Requirements for function, functionality, shape
model, shape, manufacture, costs, price, market
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Desires, general limitations, regulations, laws

Derivation of the axioms (certion details).

Use of results at N-th stage
of manufacture in the

development-design process

Presentation, expert
opinions Product

improvement
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of design in
each step by
the product

development

Fig. 2 Product conquering phase. Continuously iterative process with Golden loop [3]
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percentage range. If the difference is too small we used more sensitive scale by

presentation.
During the phase of product conquering, several different approaches can be

undertaken, but irrespective of the approach, the team’s quality always plays

the crucial role (Fig. 3). The diagram shows three ways of product conquering.

Series 1 shows normal flow of the product conquering process and Series 2 an

accelerated course. In Series 3, the process of product conquering is initially

slower, but later, with a planned inclusion of a team that is better in terms of

knowledge and equipment, it is possible to prove that one is achieving the same

results within the required time.
Any product that is manufactured is intended to be used. Therefore, it is

important what happens to a product during its use. In addition to sales

(distribution, start-up and initial use during the warranty period), the following

activities also take place: maintenance, reconstruction and perhaps even partial

recycling of consumable materials. At the same time that the product is placed

on the market, manufacture needs to be changed) in order to be harmonized

with sales in terms of quantity, quality and scheduling. The initial product

assessment criteria now change as well. The technical criteria are the most

important ones for creating good products, but business criteria are crucial

for good sales. Usually environmental aspect as by into nature not included into

the production and sale strategy, mainly because the manufacturer, sales man

or final customer do not pay attention, whether the product is environmentally

tolerable or not. For that reason we used additional criterion for ecological

assessment of products. Therefore, it is possible to use business parameters for

assessment during the process of product’s use. It is no coincidence that the concept

of redistribution of manufacture originated from business parameters [11] is a

Product perfection during conquering phase

0%

20%

40%

60%

80%

100%

0.0 0.3 0.6 0.8 0.9 1.0
Time (unification)  [nonlinear scale]

L
ev

el
 o

f 
p

ro
d

u
ct

 p
er

fe
ct

io
n

Normal D&DP

Very fast first part
in D&DP

Significant
handicap in D&DP

Fig. 3 Phase of product conquering during the PLC, taking into account the assessment of the
product’s level of perfection

6 J. Duhovnik



possible way of reducing costs. During a product’s use, the basic parameter is

cost, both on the side of manufacture and on the side of the buyer. On the side

of manufacture, costs reduction is associated with greater profitability. On the

side of the buyer, lower costs are achieved via cheaper product use. In such

evaluation, costs appear as a generalized concept. In addition to costs, the

product’s competitive position in the market also has to be reviewed in this

period, since one of the main assessment parameters is the fulfillment of

customer expectations regarding the product’s competitiveness. When we

searched for a suitable parameter, a decision was made to use the product’s

level of perfection. The level of perfection does not include only the technical

characteristics or the level of technical perfection; it is complementary to the

criterion of competitiveness.
The phase of product use consists of two parts (Fig. 4), which need to be

balanced. The first is comprised of production, planning, purchasing, manu-

facturing, assembly, testing of the main product parameters, packaging and

warehousing. The second one comprises distribution, start-up, initial use during

the warranty period, current maintenance, investment maintenance and recy-

cling of consumable materials. The division of a product to two separate life

lines, which are interwoven with the use of concurrent engineering, but con-

ducted in sequence along the main timeline, is just one option for a clearer

analysis of the product life cycle in both the technical and business senses.
The product life cycle must be concluded within a natural environment, so

that product components remain part of nature. The completion of product life

Product perfection in use phase
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cycle is enabled by various processes (End Of Life, EOL). The quickest way to

eliminate a product is to destroy it. However, this is accompanied by various

additional influences, since destruction in itself does not imply permanent

returning of materials to nature; it merely means destruction of a product.

Other processes used in the EOL cycle also enable partial or total return of

materials to the natural cycle.
We are therefore dealing with the principles of product reuse and recycling,

which enable its partial prolonged use or prolongation of the life cycle of

individual modules by separating its parts. With the reuse principle, each

individual module is understood as a partial or main function of an individual

product component. At the level of the product’s material structure, the prin-

ciples of recycling are applied, which make it possible for materials to be reused

as basic materials, changed materials or as filler. Some part of the product

normally remains and is technically or technologically useless, therefore it is

usually disposed of. It is important to understand that this process is manage-

able as well and should not be left to chance. At the EOL, the product’s level of

perfection falls to zero. An important criterion for deciding on process type are

costs, but these should not be estimated only from process costs; they should

comprise total costs, including those of persistence of the product’s remainders

in a certain environment, e.g. in nature.
The product elimination phase (Fig. 5) is crucial for understanding the

overall product life cycle. Processes taking place in this phase are destruction,

Product perfection in elimination phase
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reuse, recycling and disposal. Here as well there are three separate lines of

processing, but these usually run separately, without any special connections

between them. Processing depends on the decision regarding the product elim-

ination procedure, which is normally determined – both in terms of time and

process – already in the phase of product use. The decision on the EOL process

is ordinarily related to its costs. Any additional parameters that appear during

assessment of the suitability of an individual process can be used either as a

supplement to or substantiation of the decision. This also indicates a relatively

low level of knowledge about this part of the process and its importance in

places where the concentration of products is so high that nature can no longer

accept them, either in the form of product non-use (random disposal) or as its

destruction (destruction, no elimination).
In the Fig. 5 we have three different types in EOL phase:

Type 1: Elimination and longer disposal of product remains at appropriate
sites. Natural material made chance for fast recycling process in the
beginning. Dangerous material request special technology and made
slow removable process.

Type 2: Prediction of a appropriate product elimination and disposal
process. Strategy or scenario of EOL is planed and can be shorter as
it can.

Type 3: Product destruction (blasting) and depositing without sorting. Some
typical EOL when blasting was used. Example: situation by war where
bombing was used. Another example: some particular activities by ecolo-
gical and technical no regain consciousness people.

Finally, the variation of the product’s level of perfection throughout the

three phases of the product life cycle can be examined in Fig. 6. In the figure are

present three typical curves for product perfection during the product life cycle.

Product perfection during life cycle
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Those examples are used by experts system for planning and controlling the

D&D process which has important influence on the product use and product

elimination phase. We can predict some typical deviation in those two phases
according the activities in the D&D process.

3 Determination of Variables in Individual Phases

and Product Validation

Three typical phases of the PLC, i.e. three characteristic periods in the life of a

product were identified in the previous chapter. It is interesting that these three

periods can be compared with biological processes in nature (birth, life and
death). There are different criteria for validating the product’s success, i.e. its

suitability for its environment in each period of the PLC.
The product developed or searchwithout any criteriawhich are defined clearly

especially for our new idea about the product. Designer must create all criteria by

himself and for that reason the creation of right criteria is a major task in the first

stage of development phase. Definition of criteria can be as an axiom or some
definition or limitations which are based on designer’s knowledge. Usually

definition or some parameter limitations are based on ontology. If designer has

more knowledge from ‘‘soft’’ science their criteria are more undefined (‘‘softly’’).
If designer has more knowledge on the natural-technological and engineering

science his criteria are more defined on the numerical or physics basis. Generally

all criteria depend of the designer’s knowledge about the nature.
During the development phase criteria should be deeply defined or changes.

By the design phase criteria are usually more precisely defined.When we discuss

about criteria we understood that finally we find out some parameters. In
generally the parameters have value inside the interval, which is defined by

designers. Parameters with one value should be used by adoption design. It is

strictly prohibited by the design a new or innovative design. The field of criteria
is very important and designers must specify them.

A few criteria per phase that are crucial for assessment were already men-

tioned in the previous chapter. Figure 7 shows the influence of the said criteria
in all phases of the PLC. The values of these criteria are classified into groups

below:

A. Product conquering phase
VPP,C Product’s technical level of perfection 50–70%
VC,C Manufacturing costs during product conquering 20–10%
VP,C Profitability 30–20%
VO,C Other 0–20%

B. Product use phase
VPP,U Product’s level of perfection 20–30%
VC,U Production costs 40–50%

10 J. Duhovnik



VP,U Profitability 30–10%
VO,U Other 10–20%

C. Product elimination phase
VPP,E Product’s level of perfection 5–25%
VC,E Elimination costs 50–70%
VP,E Product’s profitability during PLC 45–10%
VO,E Other 0–15%

The presented criteria can be discussed within three basic categories: techni-
cal level of perfection, costs and profitability. The category ‘‘Other’’ usually also
includes supply, i.e. accessibility in real time. During the product conquering
phase, real time represents the customer’s expectations (market in a broader
sense), during the product use phase, which is also the customer or the market,
and the same applies to the phase of elimination. The impact of individual
criteria varies due to different work tasks and different expectations in indivi-
dual PLC phases.

The author believes that because of variable impact of individual criteria
over the entire PLC one can easily understand some entirely opposing expecta-
tions of the participants in individual phases. Technically oriented professionals
insist on the technical level of perfection, while economically oriented ones are
against high costs or even want no costs for new products. Financial profes-
sionals desire reliability of financial operations, i.e. a suitable, and not extreme,
degree of profitability. Balancing between all of the extremes is possible if the
goal, i.e. to have a new product on the market, is clear.

Themagnitude of influences during individual phases needs to be determined
separately for each product. Limit values stated in the diagram are merely
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Fig. 7 Influence of individual criteria during individual phases of PLC
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recommendations. Their general range cannot be determined with a sufficient

accuracy, but the list and extent of influences are intended for general and initial

assessment.
In addition to these criteria, which serve as the basis for assessment of the

suitability of a new product, the product must also be assessed according to other

criteria. Features (categories) important for manufacture, sales, distribution, use

and the environment need to be taken into account as well.
On the basis of a review of important categories, a decision was made on the

following ones, which in our opinion comprise the main influences throughout

the three phases of the PLC. The technical category denotes exclusivity con-

cerning engineering resources.
The category of production takes into account the entire manufacturing

complex in product materialization. The commercial and financial categories

refer to components of business operation. Users are listed in schematic way

because their decisions regarding the product have a significant impact on its

continued production. The category of nature is termed so in order to generalize

the influence of the environment.
By more detailed analysis we used individual criteria. Individual criteria

are more detail assessment, which give in the D&D process or better in whole

life cycle of product good and right view about the total quality of the

product.
Below are present and roughly divided assessments of individual criteria,

each comprising the relevant specifications:

� Technical criterion

�tec = TECH (function, shape, functionality, form, technology use, etc.)

Categories as a function, shape, functionality, form, technology use, etc.
are we defined closely to the products. For different categories we used
a parameter, which present technical criteria for product who is
developed.

� Commercial criterion

�com = COM (market, purchase, delivery, goods exchange, etc.)

Categories as a market, purchase, delivery, goods exchange, etc. present
environment, which has influence of man and their society. Categories
present commercial parameters which are reflected to product from envir-
onmental use.

� Finance criterion

�fin= FIN (profit, investment, security, bilateral & multilateral exchange,
etc.)

Categories as a profit, investment, security, bilateral and multilateral
exchange, etc. present international finance and banking systems, which

12 J. Duhovnik



depend from country to country and international geographical and
political situation.

� Production criterion

�pro = PROD (cost, logistics, human resources, employment, social security,
etc.)

Categories as a cost, logistics, human resources, employment, social security
define production capabilities on the different location. Manufacturing
possibilities are included in �tfunction.

� User criterion

�use = USE (better machine, better quality; easy operation, minimum main-
tenance, fast delivery, etc.)

By use we have important user assessment, which include many different
categories like a: better machine, easy operation, better quality, robust
use, minimum maintenance, etc. Definitions of those categories are com-
ing from virtual users, which are simulated in development and design
phase. In that case we usually used some expert system by some particular
market and users.

� Eco (Nature) criterion

�eco = ECO (environmental safety, no environmental impact, more reuse,
easier recycling, less disposal, security, etc.)

Categories, which present eco system are today more important. They are:
environmental safety, no environmental impact, more reuse, easier recy-
cling, less disposal, security. By the assessment at these categories plays an
important role the local (country) legal system.

All those criteria can be used for a general assessment by product validation.
The parameters, which are used by some criterion, were generated on the
requirements basis. List of requirements was used as a list of parameters,
which was defined in the early stage of D&D process. All parameters, as a
description of function, technical specification, description of law, financial
data etc. we can put in the validation process. The reason for that is an
assumption that the product is not depended of some particular fields. The
product is one part in the nature (Fig. 1) and his validation should be compare
to it.

It is evident that the above categories are not directly related to the criteria.
Many categories also have different influences on the criteria. This means that
the assertion about a direct, solid association between individual categories and
the criteria is incorrect. For each individual category, it is necessary to sepa-
rately define the parameters and their values. It is especially important to have a
separate definition of the parameters for each product’s location on the earth
(in the world (the universe in general)). The function values for individual
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categories also vary with time, as the system is dynamic and not static. A general
equation applying to individual products was written, independent of the dis-
tribution of the influence of individual categories on the criteria. Influence of
whole criteria can be summarized in function (1), which we can denominate as a
product validation function.

�ðxÞ; ðtÞ ¼

Pk

j¼1
wðjÞ; x��ðxÞj; t
h i

Pk

j¼1
wðjÞ; x��ðxÞj;max
h i (1)

x = x (tec, com, fin, pro, use, eco) index of different criteria, like a
technical, commercial, financial,
production, use and ecological

j index for particular parameter
inside the different criteria

� (x),(t) product validation function pre-
sent the product assessment for
typical criteria defined in time t,
where we made assessment

� (x)j,(t) product validation function for
typical category and particular
parameter (indexing with j)
defined in time t, where we made
assessment

� (x)j,max maximum value of product vali-
dation function for typical cate-
gory and particular parameter
(indexing with j) defined in time
interval from to till t, where the
assessment was made

w (j),x weight function for each particu-
lar parameter and each different
criteria

If we like follow dynamic changes by some criteria and validated it we used
particular equation which is developed from (1). Validation function for tech-
nical criteria is follow:

�ðtecÞ; ðtÞ ¼

Pk

j¼1
wð jÞ; tec � �ðtecÞj; t
h i

Pk

j¼1
wð jÞ; tec � �ðtecÞj;max
h i (2)
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j index for particular parameter inside the different criteria
� (tec),(t) product validation function on technical basis, present the

product assessment for technical criteria defined in time t,
where we made assessment

� (tec)j,(t) product validation function on technical basis for typical
category and particular parameter (indexing with j) defined
in time t, where we made assessment

� (tec)j,max maximum value of product validation function on technical
basis for typical category and particular parameter (index-
ing with j) defined in time interval from to till t, where the
assessment was made

w (j),tec weight function for each particular parameter and each
different criteria

It isessential tobeablemaderelationandinfluencesof individualcategoriesduring

the assessment, so that in spite of different categories one can obtain their relative

influence on the final assessment (Fig. 8). It is vital to always obtain values between 0

and 1 for each assessment category. If a product is monitored over time t, from its

development and use to elimination, an interesting variation of the product’s assess-

ment is obtained. On the basis of changes in the trend of assessment for individual

categories, one can adopt decisions or institute measures over the entire PLC.
If one wishes to evaluate a product according to criteria from individual

categories and over a certain time period (t) during the PLC, a detailed graphical

presentation should be made for this time interval. As a rule, assessment becomes

valuable only when the product enters amoremature phase (over 60%of the time

required for its development). Assessment during earlier phases may even be

disturbing and stressful for the developmental-design and manufacturing teams.

On the other hand, a product can be assessed especially thoroughly at the time of

its direct use, which is part of the next phase. On the basis of the product’s first

entry into the environment, one obtains characteristic trends of product assess-

ment per criterion (Figs. 9a, 9b and 9c).
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Fig. 8 Variation of product assessments (various criteria) during the PLC
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Product validation with technical 
and commercial criteria
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Fig. 9a Product validation with technical and commercial criteria
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Fig. 9b Product validation with financial and production criteria

(c) Product validation with user
and eco criteria
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Fig. 9c Product validation with user and ecological criteria
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4 Trends of Assessment According to Individual Criteria

When assessing individual parameters in a certain category (tec,com,fin,pro,
use,eco), one attempts to define the comparability of assessments in absolute
terms and as accurately as possible, particularly their variations. Therefore, data
capture at predefined time intervals is very important. Irrespective of temporal
variations, though, one must also monitor the product’s location in the universe.
Sometimes, comparable locations can appear for individual products, even
though the difference in details between individual locations is very large.

Insufficient sensitivity of product assessment at various locations (sometimes
called remote viewing) is manifested as excessive oscillations of the achieved
results. As a rule, such locations must be identified, and the assessment para-
meters must be analyzed separately and monitored in order to be able to isolate
and analyze them separately in the event of changes.

Assessment can be performed on the basis of hard or soft data. Hard data, for
example, include physical data (capacity, power etc.), financial data (price, costs,
interest etc.). Soft data are for example technical data (industrial design, techno-
logical capabilities etc.), user competence (better work capabilities, good after-
sales services, etc.). For each parameter, an attempt is made during the
assessment process to determine its value as soon as possible on the basis of
hard data, not by capturing soft values. It is understandable that the problem has
several layers, therefore some assertions by individual authors found in literature
regarding hard data for assessment parameters which are in principle soft, are
very questionable. As a rule, such data can be formed only on the basis of global
capture of values and their special transformation into data. Since this is sensitive
information, global commercial complexes must protect them as business secrets.
Our team has simulated a few cases of products, with five different locations of
product conquering, use and elimination, and the results were very interesting.

When reviewing suitable mathematical formulations for evaluating the sen-
sitivity of assessment, an attempt was made to select the kind of function that
would be more sensitive at small differences and less at greater ones. This
method was chosen on the basis of experience in assessing the technical char-
acteristics of products according to the VDI 2222 reference. At absolute values
in the low range of assessments, linear determination of differences still enables
a rough determination of the successful solution. In the event of smaller
differences, i.e. with very similar technical solutions, however, the absolute
values are so small that they usually do not enable high-quality evaluation.
Therefore, a differentiated assessment method was chosen and defined with the
term ‘‘First Step to Better Product’’ (FSBP).

FSBP ¼ 1� �ðxÞ; ðtÞ½ �SEN (3)

�ðxÞ; ðtÞ product validation function by typical criteria named x, defined in
time t, where we made assessment, see equation No.1
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Sensibilness of the FSBP function is mostly defined with potential coefficient

named SEN, which is defined with equation

SEN ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� �ðxÞ; ðt1; t2Þmin

� �q
(4)

�ðxÞ; ðt1; t2Þmin minimal value by the product validation function by

typical criteria named x in the investigation time inter-

val, from t1 to t2
So obtained FSBP values enable a better differentiation and easier decisions

even for values around 1.0. It should be emphasized, though, that other impor-

tant information besides the assessment includes minimal values, as well as the
time interval itself.

In Fig. 10 we presented FSBP curve for technical and commercial para-

meters. The interval in PLC is from 0.50 to 4.0. That interval is usually very

sensitive for product perfection value. Include the final phase at product con-
quering phase and first phase or starting period in product used phase. Assess-

ment in that phase made also good treatment value for product value on the

market and environment at all.
In generally we find out that such analysis give better and clear value for self

control process. The parameters are generated for product itself. If the chosen
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Fig. 10 FSBP curve at technical and commercial assessment compare to the product perfec-
tion function in the watching interval from 0.50 till 4.00.
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parameters are right or appropriate the D&D team can recognize during the
process. If they find out that the parameters are not appropriate at all they can
be added too. In that case the additional parameters must be used from starting
point of assessment process. The new parameters could not be used for assess-
ment from some time or for some time in PLC interval.

5 Conclusion

The paper presents three characteristic product phases. This means that pro-
duct planning needs to be performed over the entire PLC. The current knowl-
edge of product planning or economic resources planning is focused only on
manufacture, therefore an expansion of such an information system to PLC
conquering can be problematic. Certain processes occurring in the phases of
product use and elimination are therefore analyzed in lesser detail or very
specifically for individual product types.

For easier product conquering over its entire life cycle, six basic criteria have
been defined (tec,com,fin,pro,use,eco). By each of these criteria, we used some
categories for detail analyses. Categories should be defined with some para-
meters, which are presented like a value or described. PLC started with D&D
process, where we defined list of specification. The specification list is not static
but should be changed during the development of the product, generally during
the PLC. Maximum of the request is a goal of the products requirements. In
reality we try the best that the goal can be achieved. Differences between the
goal and our real results we like used as an assessment value. In the paper was
proposed unification measure with the percentage scale.

We also introduce the product validation function which can be used as a
timely assessment of the product during the PLC. For some particular reason
we can also individual criteria use as a (tec,com,fin,pro,use,eco).

Generally speaking we define the requirement for the selection of assessment
parameters. Product assessment was then performed at certain time intervals,
with the same starting points.When the variation of the assessment function for
all six parameters was reviewed (tec,com,fin,pro,use,eco), it was found that it is
possible to enforce the extrapolation principle for the variations expected in the
following time intervals. An estimate of the scatter of expected results was also
used. Timely intervention enables correct and more successful directing of
trends already at time t, when the last assessment of product is performed.
Among five products, interventions were made in two on the basis of assess-
ment by directing activities towards additional progress. Progress was first
enforced in the phase of product conquering (product development) and for
the second time in the phase of its use (after-sale services). For various reasons,
detailed data on product types cannot be provided here.

The method was applied in the standard PDM (three cases) and ‘‘PLM’’ (two
cases) systems. We added standard software with the data base of specification
list, which was followed all PLC. Through the PLCwemade product validation
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function and the designers, researchers, salesman, controlling department and
marketing man follow their activities. Some particular action was done accord-
ing the trend analysis.

The method enables the analysis of those important categories that are
relevant for the product, not only in technical terms, but also generally, includ-
ing economic and user influences, but not neglecting the assessment of the
product’s environmental impact, i.e. its effects on nature.

References

[1] Bi Z.M., Gruver W.A., Lang S.Y.T.: Analysis and Synthesis of Reconfigurable Robotic
Systems, Concurrent Engineering, Vol. 12, No. 2, 145–153 (2004).

[2] Duhovnik J. (1990): Contribution for natural classification of products related to CAD/
CAM, CIRP International Seminar on CA-Design, Ljubljana 1990

[3] Duhovnik J. (2002): New Challenges in Development and Design Process, CAMT,
Wroclaw

[4] Eisenhard, J.L. and Schepper, M.S., Approximate Life-cycle assessment in product
design, Proceedings of DETC̀00, Maryland, USA

[5] Galina A., and Iyigun, M.F. (2002): Outsourcing Globally During the Product Life
Cycles: A Theory and Some Evidence, Working paper No. 02–08, University of
Colorado, Boulder, USA

[6] Hubka, V. (1976): Theorie der Konstruktionsprocesse, Springer-Verlag, Berlin 1976
[7] FIBS PUB 183 (1993): IDEF0 Process Modeling Standard, Federal Information Proces-

sing Standards Publications (FIBS PUBS), Nationals Institute of Standards and
Technology (NIST), USA

[8] Ishii, K. (2002): Modularity: A Key Concept in Product Life-cycle Engineering, Design
Division, Stanford University, CA 94305, USA

[9] Prasad, B. (1996): Concurrent Engineering Fundamentals, Vol. I, Integrated products
and process organization, Technomic, Lancaster, USA

[10] Prasad, B. (1997): Concurrent Engineering Fundamentals, Vol. II, Integrated products
and process organization, Technomic, Lancaster, USA

[11] Pack H. and Saggi, K. Vertical Technology Transfer via International Outsourcing,
Juornal of Development Economics, 65, 389–415

[12] Decision Factors of Product Life Cycle Strategies, paper od Department of Precision
Engineering, School of Engineering, University of Tokyo, 2001

[13] Suh, N.P. (1990): The Principles of Design, Oxford University Press, Inc., New York
[14] Tavcar J. and Duhovnik J. (1999): Typical Models of Product Data Integration in Small

and Medium Enterprieses, The international Journal of Advanced Manufacturing
Technology, Springer Verlag

[15] VDI 2221, VDI Verlag, Duesseldorf, 1985, 1993
[16] Windley J.P. (2002): The discipline of Product Management, Paper of the Utah

Governement, State of Utah, USA
[17] Xirouchakis, P. (1998): Computer Support for planing the life Cycles of Eco-Effective

Product Systems, 5-th CIRP International Seminar on Life Cycle Desigǹ98, Stockholm.
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of Active Suspension
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Abstract This paper addresses the current state of collaborative optimization

(CO) and its application to active suspension system. CO is a bi-level optimiza-

tion architecture, which preserves the autonomy to individual disciplines.

Through this decomposition, CO can solve the loose-composite problem.

When it comes to strong-composite cases, CO will have difficulty in conver-

gence because of the form of system-level constraint in its structure. In order to

change this nonlinear phenomenon, we use Response Surface Model (RSM) to

modify the interdisciplinary discrepancy. Central Composite Design method is

used to select the experiment point to construct the RSM.
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Approximation approach � Agent model � Response Surface Model (RSM) �
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x�sl Optimal values for system level

xi The i th subsystem design variables

x�i Optimal values for subsystem level

" Dynamic factor in interdisciplinary compatibility

luldlklp Length of upper and lower wishbone, kingpin and knuckle
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1 Introduction

Multidisciplinary design optimization (MDO) is a field of engineering that uses

optimization methods to solve design problems incorporating a number of

disciplines. Especially to the complex system, its performance is related to

many disciplines. Whereas the traditional design of complex system always

concerns some disciplines while it ignores others, it may lead to design conflict

among different disciplines (Fig. 1).

Constant in analysis

� Density of the rod, gain = 7:8� 103 kg=m3

½�� Yield stress for steel, gain = 70MPa

E Modulus of Elasticity, gain = 200GPa

� Poisson’s ratio, gain = 0.3

K1 Stiffness factor of sprung, gain = 1:3� 104 N=m

C1 Damping factor of sprung, gain = 1000

M1 Sprung mass (quarter car model), gain = 330 kg

F1 Preload force of sprung, gain = 3236.2N

K2 Stiffness factor of unsprung, gain = 1:7� 105 N=m

C2 Damping factor of unsprung, gain = 0

M2 Unsprung mass (car model), gain = 25 kg

F2 Preload force of sprung quarter, gain = 3481.4N

Weights

Structures

Manufacturing Propulsion

Noise

Aerodynamics

Traditional
design always
focus on one

discipline

Fig. 1 Traditional design always focus on one discipline
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Details of the CO method have been developed by several researchers,
primarily in the last 20 years, although closely-related work is described in
publications as early as 1977 (Peterson et al. 1977). CO is a promising decom-
position algorithm introduced by Braun (Braun et al. 1996) and further devel-
oped by Sobiesky (Sobiesky 1998) to solve the general (non-convex) MDO
problem. There are many applications in the aviation industry. Budianto
(Budianto, 2004) presents a study of collaborative optimization as a systematic,
multivariable method for the conceptual design of satellite constellations. Perez
(Perez 2006) presented an integrated control-configured aircraft design-sizing
framework. It overcomes the challenges that the flight dynamics and control
integration present when included with the traditional disciplines in an aircraft
sizing process. During these applications, there are two ways in subsystem level
analysis: CAE analysis and approximation method. Because of the difficulty
and time cost of the computation, some of the application used approximation
method instead of direct CAE analysis. Sangook Jun (Jun et al. 2004) used CO
to design the aircraft wing. Genetic algorithm is widely used for the system level
optimization while the gradient-based method as a subspace optimization
algorithm. The response surfaces are exploited to realize CO in subspace in
some research work. Hence, the human interface is crucially important to
enable engineers to control the design process (Enblom 2006). It is necessary
to establish a platform that enables data transmission between different com-
mercial uni-discipline software and realize the MDO. Xu Lin (Lin 2006) pro-
posed a platform that integrated aerodynamic, propulsion and structure
disciplines to design a missile based on MDO framework iSIGHT. S.-X.
Chen developed an email-based communication technology of global coordi-
native optimization of distributed structural system (Chen 2005). The applica-
tion of CO in the automobile field is rare. WU Bao-gui proposed a CO
integration platform that did successfully test the whole vehicle virtual model
in crash, aerodynamic and NVH (Noise, Vibration and Harshness) disciplines
(Wu et al. 2007). MDO through CO method and multidisciplinary integrated
simulation is a new attempt in active suspension design.

CO is a good method in MDO because its structure is like real division of
work in industry. However, CO is still a relatively immature decomposition
method because its compatibility constraint in system level adds much non-
linear characters to the optimization. This problem is still not solved completely
as little experience in true industrial environments is available. But some efforts
have been made to change this disadvantage of CO algorithm. Approximation
approach is one of the successful methods among the improvements. Approx-
imation approach is part of agent based model method and Design of Experi-
ment (DOE) is another part of it. In this paper we use Response Surface Model
(RSM) which is one of the approximation approaches widely used in MDO to
solve a two-discipline optimization problem on active suspension system.

The remainder of this article is organized as follows: Section 2 introduces the
CO methodology and its character. Section 3 provides agent model to solve the
discrepancies of the disciplines. Section 4 describes the application on active
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suspension system which concurrent design is used and two CAEmodel sharing
the same CAD model has been proposed to improve the design efficiency.
Section 5 is the conclusion of whole paper.

2 Collaborative Optimization

Before discussion of CO, brief introduction and comparison of four key MDO
decomposition frameworks are summarized from 2006 European-U.S. MDO
Colloquium (de Weck et al. 2007) (Table 1).

2.1 CO Methodology

With recent advances in the field of MDO, it is possible to transfer the tradi-
tional vertical design process into horizontal process, enabling concurrent
analysis and design. Among many MDO methods, CO shown below (Fig. 2)
is recognized as suitable method to design and optimize multidisciplinary
coupling problems.

CO method consists of two-level optimization architecture. The subsystem
must satisfy all of their disciplinary constraints. To achieve its design task with
given target variables from the system, the subsystem can choose their local
variables freely. However, when there is not enough degree of freedom in
choosing local variables, the subspaces are also allowed to change their target
copies with minimum departure from their target variables. The task of the
system is to adjust the target variables so that all subspaces can achieve their
own task, while minimizing the system-level objective. When using this
method, it is very similar to the real work. Every department and expert of
different disciplines can do their own design and optimization separately
(Perez 2006).

Table 1 Overview of MDO decomposition frameworks

Method

Characteristic BLISS CO ATC CSSO

System-level Analysis
Required?

No No No Yes

Subspace Sensitivity
Analysis Required?

No No No Yes

Number of Levels Two Two Multiple Two

Partitioned by: Discipline
Analysis

Discipline
Analysis

Object/
Component

Discipline
Analysis

Subspace optimization
influenced by targets?

Yes Yes Yes No

Autonomous Subspace
Optimization?

Yes Yes Yes Yes
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At the system level (SL), the collaborative optimization objective is stated as:

min fðxslÞSubject toJ�i ðxsli; x�i Þ ¼
Xm

j¼1
ðxslij � x�ijÞ

2 � "; i ¼ 1; ::::::; n (1)

where fðxslÞ represents the system level objective function which is also the
design objective function. J�i represents the compatibility constraint for the i
th subsystem (of the total n subsystems) optimization problem and xi are the i th

subsystem design variables whose dimension is m. Variables with a superscript
asterisk indicate optimal values for the subsystem level optimization. Note that
the system level constraint assures simultaneous coordination of the coupled
disciplinary values.

The lower-level objective function is formulated such that it minimizes the
interdisciplinary discrepancy while meeting local disciplinary constraints. At
the disciplinary level, the i th subsystem optimization is stated as

min Jiðx�sli; xiÞ ¼
Xm

j¼1
ðx�slij � xijÞ2 subject to giðxiÞ � 0 (2)

where gi is the specific disciplinary constraint; variables with a superscript
asterisk indicate optimal values for the system level optimization.

Considering the condition of three variables and two disciplines as an
example, the process of CO is illustrated in Fig. 3 (Kobayashi et al. 2005). In
the figure below, three coordinate axis represent the values of design variables –

X,Y andZ. The two surfaces� and � represent the constraint of two disciplines.
Our goal is to find out the minimum value of object function !. From Fig. 3(a),
we can clearly find the optimal point is point 0 that located on the intersection of
two constraint surfaces. Point 1 represents a set of system-level design variables
that are given as the initial value. Then it will go to subsystem level. In order to

Fig. 2 Collaborative optimization method
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satisfy the constraint, we need to find the closest point to point 1 on the two
surfaces according to geometrical meaning of the equation (2). The result of this
step is point 2 and 3. Then in system level, the geometry meaning of the
constraint is two spheres. The optimal point is among the intersection of these
two spheres. We can get point 4 here that is closer to the optimal solution. Then
go on the iteration to get closer to and arrive at point 0 (Fig. 3(b)).

2.2 Advantages of CO

Major characteristics of CO are its bi-level and distributed structure. CO has
computational and organizational advantages, and these advantages can be
maximized when used for a large-scale design optimization consisting of a large
number of design variables and disciplines (Jun et al. 2004).

Collaborative optimization is formulated to remove direct communication
among disciplines, so as to guarantee disciplinary autonomy. Computationally,
decrease of direct communication among disciplines enables a reduction of
computational cost, especially in large-scale problems that require large
amount of data exchange at each iteration. Furthermore, each discipline’s
analysis tools can be directly integrated with a specific optimization algorithm
without much modification. Organizationally, the collaborative optimization
architecture provides a natural fit to the current disciplinary expertise structure
found in most design organizations and used by most project teams.

2.3 Weaknesses of CO

2.3.1 Problems from the Experiments

I. Kroo and V. Manning’s experiments have suggested that the price that must
be paid for the advantages of decomposition is a somewhat increased
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Fig. 3 Process of CO
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computational time (Kroo and Manni 2000). CO often leads to inefficient
convergence, especially when gradient-based method is used for system level
optimization. In this case of gradient-based method use, CO also strongly
depends on the initial condition for convergence (Jun et al. 2004). A few
difficulties caused by certain features of its architecture have been also reported.
The architecture, with discipline-level optimizations nested in a system level
optimization, leads to considerably increased computational time. In addition,
numerical difficulties such as the problem of slow convergence or unexpected
nonlinearity of the compatibility constraint in the system level optimization are
known weaknesses of CO (Jang 2005).

2.3.2 Reasons of the Problems of CO

The use of quadratic forms for the system level compatibility constraints
means that near the solution changes in system targets have little effect on
the constraint values. Specifically, the gradient approaches zero, leading to
difficulties for many optimizers, especially those that rely on linear approx-
imations to these functions. The implications of the singular Jacobi are dis-
cussed in (Alexandrov and Lewis 2000) using an SQP method at the system
level. For a simple test case, convergence of the system problem was not
achieved. This failure is attributed, not to a failure of the optimizer, but to
the specific CO formulation (Jang 2005). That is because the system-level
problem fails to satisfy the standard first-order necessary conditions
(Karush-Kuhn-Tucker or KKT conditions (Fiacco and McCormick 1990)).

3 Agent Based Model Approximation

From the above analysis, we know that the bi-level and distributed structure
allows CO to easily decompose MDO problem but also causes some unavoid-
able convergence difficulty in computation. Some alternate choices for the form
of subspace objectives, system constrains, and optimizers are discussed in
(DeMiguel, and Murray 2000).

Several ideas for modification have been explored which focus on alternating
choices for the form of interdisciplinary discrepancy. These modifications can
be categorized as following:

1. Loose system constraint method. The constraint in system level is equal
constraint which is ideal but very hard to satisfy. Robert Braun (Braun
et al., 1996) knows this problem from the beginning and proposed that we
should change the equal constraint to inequalityJ�i ðxsli; x�i Þ � s. The writer
has used this method to test a simple MDO problem and found that the
DONLP, LSGRG2 and SLP method all failed in the optimization because
they are emanative and could not find the optimal solution. For the value of
S, it cannot be so small because there will be a difference between xsli and x�i
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so it can meet the subsystem level but cannot meet the system level. The S
cannot be big either because it is hard to meet this constraint in system level
optimization. Li Xiang improved this method by using a dynamic factor
" ¼ ðl � X�1 � X�2

�
�

�
�Þ2; l 2 ð0:5; 1Þin inequality constraint instead of station-

ary factor (Xiang 2004).
2. Penalty function method. Angel-Victor DeMiguel and Walter Murray pro-

posed a new CO formulation called Modified Collaborative Optimization
(MCO) which uses penalty function instead of the quadratic penalty func-
tion used by Braun (DeMiguel, and Murray 2000).

3. The use of response surfaces to model the system constraints. I.P. Sobieskin
and I.M. Kroo had expounded two kinds of method used in CO and refine-
ment was performed using ideas from trust region methods (Sobieski and
Kroo 2000).

While in this paper we use response surfaces (RS) to modify the system
constrains. RS method is an approximation approach which is widely used in
MDO field.

3.1 Response Surface Method (RSM)

Response surface methodology (RSM) is a collection of statistical and mathe-
matical techniques useful for developing, improving, and optimizing processes.
In general, suppose that the system involving a response y that depends on the
controllable input variables x. The relationship is y= f(x). Because the form of
the true response function f is unknown, we must approximate it. Usually, a
low-order polynomial in some relatively small region of the independent vari-
able space is appropriate. The 4th order or Quartic model is represented by a
polynomial of the following form:

FðxÞ ¼ a0 þ
XN

i¼1
bixi þ

XN

i¼1
ciix

2
i þ

XN

1

cijxixj þ
XN

i¼1
dix

2
i þþ

XN

i¼1
eix

4
i (3)

where

N is the number of the model inputs
Xi is the set of model inputs Xi

a, b, c, d, e are the polynomial coefficients, the total number of coefficients is
(N+1)(N+2)/2+2 N.

3.2 Design of Experiment (DOE)

Experimental design, in which a prescribed set of experiments or trials (system
analyses) is performed, can be used to study the effects of design parameters on
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the design states so that intelligent design decisions can be made. Primary

considerations in experimental design are as follows:

1. Number of experiments that can be performed (given cost and time
constraints).

2. Values for the parameters in each experiment.
3. Proper interpretation of the results.

During every subsystem-level optimization we need to construct the

response surface function according to some experiment point. In our RSM

process, we use Central Composite Design (CCD). CCD is a statistically based

technique in which a 2-level full-factorial experiment is augmented with a

center point and two additional points for each factor (called ‘‘star points’’).

Thus, five levels are defined for each factor, and to study n factors using CCD

requires 2n+2n+1 design point evaluations. Figure 4 shows the CCD points

for three factors.
The center and star points are added to acquire knowledge from regions of

the design space inside and outside the 2-level full-factorial points, allowing for

an estimation of higher order effects (curvature). The star point(s) are deter-

mined by defining a parameter which relates these points to the full-factorial

points by

Supper ¼ bþ ðu� bÞ � a

Sslow ¼ b� ðb� lÞ � a
(4)

where

b = baseline design
l = lower factorial point
u = upper factorial point, l < b < u.

Fig. 4 Central Composite
Design points for three
factors
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Although CCD requires a significant number of design point evaluations, it
is a popular technique for compiling data for Response Surface Modeling due
to the expanse of design space covered, and the higher order information
obtained (iSIGHT user reference guide 2000).

3.3 RSM and Whole Computation Flow

The whole computation process is described as follows:

1. According to CCD experiment method we mentioned before we select a
group of system level design variables vector X�sik, k = 1, 2, 3. . ..
(N+1)(N+2)/2+2 N, where N is the number of the input variables.

2. Performs the subsystem-level optimization in every discipline and get the
optimal result of the objective function J�ik, i = 1, 2, 3. . ..n, k = 1, 2, 3. . ..
(N+1)(N+2)/2+2 N, where n is the number of the disciplines and N is the
number of the input variables.

3. Construct the RSM function between subsystem optimal objective functions
and system optimal design variables according to J�ik and X�sik :

J�ik ¼ a0 þ
XN

i¼1
bixi þ

XN

i¼1
ciix

2
i þ

XN

1

cijxixj þ
XN

i¼1
dix

2
i þþ

XN

i¼1
eix

4
i

4. According to formula 1 we can get the system level optimization problem is:

Min fðxslÞ

Subject to

J�ik ¼ a0 þ
XN

i¼1
bixi þ

XN

i¼1
ciix

2
i þ

XN

1

cijxixj þ
XN

i¼1
dix

2
i þþ

XN

i¼1
eix

4
i ¼ 0

(5)

5. Performs the system level optimization and get the new design variables
vectorX�si

Aforementioned process executes literately until the whole system
converged.

4 Application on Active Suspension

In performing this analysis, it is assumed that the mass of the members is
negligible compared to that of the applied loading. Friction and compliance
at the joints are also assumed negligible.
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4.1 Subsystem-level Design and Analysis

4.1.1 Dynamic Subsystem

The Fig. 5 above shows the double wishbone suspension structure. The length of
upper and lower wishbone is lu and ld. lk and lp represent the length of the kingpin
and knuckle. The height of the wheel is h. We need to measure the angle of wheel
plane l and horizontal slip of the wheel �l. When the wheel beating from top to
bottom, we just need to design the length of every rod and make a correct layout.
Then we can make the changes l of �l and in the scope of the limit.

Now we will deduce the relationship between l,�l and wheel structure.
When the wheel beat from top to bottom, the upper and lower wishbone will

rotate around rotation center. The angle of rotation is a very complex and
nonlinear function so we cannot get them easily. We will use �ðlu; ld; lkÞ and
�ðlu; ld; lkÞ to express them. We define that the projective length on the ground
of OA, AD, DE, BC are l0d,l

0
k, l
0
p and h0. According to the geometrical relation-

ship from the Fig. above, we can easily deduce following formula:

l0d ¼ ld cos� ðlu; ld; lkÞ (6)

l0k ¼
1

2
lk cos� ðlu; ld; lkÞ

l0p ¼ lp cos l

h0 ¼ 1

2
h sin l

�l ¼ðld þ lpÞ � ðl0d � l0k þ l0p þ h0Þ ¼ ðld þ lpÞ

� ðld cos�ðlu; ld; lkÞ �
1

2
lk cos� ðlu; ld; lkÞ þ lp cos lþ

1

2
h sin lÞ

λ

α

β

lΔ

ul

kl

pl

dl O

Car body

E D

C

B

A

Fig. 5 Dynamic analysis of
a two double wishbone
active suspension
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From the formula above, we can consider that �l is related to lu,ld,lk and lp.

The height of tire h is also in the function but we do not consider it as a design

variable. The slip displacement of wheel �l should be not more than 5mm, that

is �l � 5mm. This is the allowable displacement of elastic deformation.

4.1.2 Structure Subsystem

To the structure discipline, load is the active force provided by hydraulic

cylinder (Fig. 6(a)) (Happian-Smith 2002). Assume Fw is the wheel load and

Fs is the maximum active force we calculated in Section 2 through multidisci-

plinary collaborative simulation.
When the free body diagram of the wheel and knuckle is considered (Fig.

6(b)), the directions of Fw and FB are known and together establish the point of

concurrencyP1, for the three forces that act on the body. If the magnitude of Fw

is known, the magnitudes of FA and FB can be determined from the triangle of

forces through:Fw

lk
¼ Fk

lu
¼ FAffiffiffiffiffiffiffiffi

l2uþl2k
p (Fig. 6(c)). For the free body diagram of AO

(Fig. 6(d)), the point of concurrency is at P2 and with FA, Fs and �ðlu; lkÞknown,
Fo can be found from the second triangle of forces (Fig. 6(e)).

To the lower wishbone OA, the load and geometry parameter is shown in

Fig. 6(d). According to the model, we can get the formula from the mechanism

handbook (Joseph et al. 2004). The cross-section G is the dangerous one

because it is located at the maximum bending moment (absolute).

FA ¼
Fsa

2

2l3d
ð3ld � aÞ=cos�ðlu; lkÞ

Mmax ¼
Fsa

2

2l3d
ð3l2d þ a2 � 4aldÞ=cos�ðlu; lkÞ

�d ¼
Mmax

Wz
� ½�d�

(7)

Fig. 6 Forces analysis of a double wishbone active suspension
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where Wz ¼ Iz
ymax

represents the flexural coefficient of the cross-section;
Izdenotes the moment of inertia to the neutral axis that is related to the
geometry of the cross-section; ymax represents the maximum displacement
from the point of stress tensor to the neutral axis. To the plastic deforma-
tion for ductile material such as metal, we use Von Mises yield criterion.
The von Mises yield criterion, as a function of the principal stresses, is
defined as:

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ð�1 � �2Þ2 þ ð�2 � �3Þ2 þ ð�3 � �1Þ2

2

s

� ½�� (8)

In the formula, �1 ,�2,�3, ½�� are fist, second, third principal stress and yield
stress. The cross-section G can be considered that only the first principal stress
works. The constraint is that maximum stress tensor is smaller than the yield

one1� �dðld;lu;lk;a;ddÞ
½�d�

40.

To the upper wishbone CB, we can make the analysis similar to OA:

FB ¼ FA tan � ¼ Fa2

2l3d
ð3ld � aÞsin�ðlu; lkÞ=cos2�ðlu; lkÞ

Mmax ¼
Fa2lu

2l3d
ð3ld � aÞsin�ðlu; lkÞ= cos2 �ðlu; lkÞ

�u ¼
Mmax

Wz
� ½�u�

(9)

The moment of inertia is similar to the expression above. We can consider
that the stress tensor of CB is related to design variables ld; lu; lk; a; du. The
constraint is that maximum stress tensor is smaller than the yield

one1� �uðld;lu;lk;a;duÞ
½�u�

40.

Considering kingpin and knuckle as a whole, we can also get the constraint is
�kðlk; lp; dk; dpÞ � ½�k�.

Through the analysis above, we can use CO method to solve the structure
and dynamic coupling problems. The analysis result is summarized in Fig. 7.

4.2 Implement of the Design and Optimization

One of the most challenging aspects of multidisciplinary design and optimiza-
tion is the sharing of disciplinary data between the various analysis codes.
MDO frameworks iSIGHT is chosen to build up the MDO model. The model
constructed in Pro/ENGINEER can be used in Patran and ADAMS. Through
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this kind of sharing model, the speed of design and optimization can be
improved significantly. In optimal cycle, we cannot run the CAD/CAE soft-
ware every time by Graphics User Interface (GUI). Instead of it, we execute
command files that automatically record every operation step, save the com-
mand flow at the first time, and modify them according to our need. The data
transmission among every step is shown in Fig. 8.

4.3 Result

Before the optimal process, we need to normalize the unit of every parameter
before we calculate the discrepancies of the disciplines. In the suspension

Fig. 7 Expression of coupling problems of structure and dynamic discipline in CO
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system, we use linear normalization to change the value to the domain from 0 to 1.

The calculation rule is as follows: Xn ¼ X�Xmin

Xmax�Xmin
ðXn 2 ½0; 1�Þ

The initial and final value are XandXn. The normalization is preceded in the

step S5 and D3.With the collaborative design and hierarchy optimization, we

can get the optimal values listed in Table 2:
With the CO method, we can get the mass of the suspension deceased by

22.52%. The dynamic and structure performance of the system are greatly

improved.

Fig. 8 Automatic data transmission in iteration
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5 Conclusion

This paper summarizes the advantages and weakness when using COmethod to

solve MDO problems. Bi-level structure and nonlinear system level constraint

makes CO hard to converge and even fail to find the optimal solution. Three

kinds of modifications of CO have been summarized and compared.
4-order response surface model was used in this paper to the application of

active suspension. The presented result showed that the CO coupling process

worked. The analysis and optimization models were simple enough to develop

the desired methodology without involving high computational load. If the

design variables become more and then we need more experiments and time

because it requires O(n2) function evaluations.
In the future, the complexity of models in each discipline will be increased to

analyze realistic active suspension models. Furthermore, a stronger coupling

will be developed by including the control effects of the hydraulic components

in hydraulic and control disciplines. Finally, several decomposition will be

implemented on the active suspension design process and products that are

more comprehensive can be undertaken.
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Back to the Future: Product Lifecycle

Management and the Virtualization

of Product Information

Michael Grieves

Abstract Product Lifecycle Management (PLM) is new as both a term and an
acronym, with their usage occurring only in this new century. Since PLM is new,
it is necessary to have an understanding of how it is defined. PLM is based on the
substitution of product information for wasted physical resources and using that
information for the entire lifecycle of the product. One of the attractions of PLM
is that it is a return to a concept as old as the concept of a product. That concept is
a product-centric view of the product from creation to disposal. However, mass
production and division of labor hadmade that concept unworkable. The ability
to virtualize products allows a return to a product-centric view. The Information
MirrorModel (IMM) is a conceptual framework that describes how this product-
centric view will be operationalized and used through the four stages of the
product’s life: create, build, support, and dispose.

Keywords PLM � Product Information � IMM � Product-Centric View � Back
to the future

1 Introduction

Product Lifecycle Management (PLM) appears to be a new and different
approach to product information. As a defined term and acronym, Product
Lifecycle Management and PLM are new. However, on closer examination,
PLM is really a ‘‘back-to-the future’’ concept.

PLM trades information for physical resources, specifically wasted time,
energy, and material. This is not a new concept. Humans have attempted to
do this for as long as they have had the capacity to reason and remember.
However, this ability to reason and remember was on an individual effort and
limited by the capabilities of the human brain. It only worked on a small scale.
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However limited this ability, humans did concern themselves with the lifecycles
of their artifacts or, as I will refer to them, their products.Humans created products.
They built those products. Theymaintained those products in good working order.
When those products outlived their useful life, humans disposed of them.

Because for the most part, humans relied on mental representations that they
maintainedwithin their ownmemory, thismodel worked under limited conditions.
The products were simple. The numbers of products were small. The products
remained in close physical proximity to the product producers.

Product proximity was necessary. Information is an intrinsic characteristic of
a product. Length, width, weight, and composition, to name some of information
characteristics that products contain, are embedded within a product. Humans
could and did extract that information in order to be more efficient in using
physical resources. However, except for the memory of humans and their notes
and sketches, information about the product did not exist independent of the
physical product itself.

The ability to strip and record this embedded product information took a long
time to develop, but did get increasingly better. Standards of measurement and
instruments to perform such measurements, blueprints, and detailed product
descriptions represented product information that was embedded into the pro-
duct. However, it was only with computers and communication technology
development in the last half of the 20th century that product information could
not only be fully described but also could be dynamically manipulated regardless
of proximity to the actual product.

This openedup the possibility of linking a physical productwith the information
about that product. This stripping, modeling, and linking of product information
on computers ‘‘virtualizes’’ the physical product. The Information Mirror Model
(‘‘IMM’’) is conceptually related to mental representations of humans. However, it
is richer, more extensive, more precise, and can be shared.

The global nature of the Internet makes this virtualized model available to
anyone independent of their geographical location and proximity to the physical
product itself. This linking of the physical product with its virtual equivalent
throughout the life of the product with the purpose of minimizing the waste of
physical resources is the basis for Product Lifecycle Management or PLM.

2 Defining PLM

Product LifecycleManagement and its acronymare literally 21st century creations.
If a search by ABI Inform for industry or academic articles about PLM as Product
LifecycleManagement before the year 2000 is done, the results are that there are no
articles found. While as discussed elsewhere (Grieves 2006), PLM came about as
other technologies and concepts, such as Computer-Aided Design (CAD), Com-
puter-Integrated Manufacturing (CIM), and Product Data Management (PDM)
were integrated into a product-centric view of product information over the life of
the product.
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While there was some usage of the term by software vendors and information
system analysts at the beginning of the century, one of the first periodicals to
attempt to define Product LifecycleManagement (PLM)wasCIOMagazine. The
article, ‘‘There’s a New App in Town’’ (Stackpole 2003), was a seminal article
about PLM. It was the first time an executive-orientedmagazine featured Product
Lifecycle Management as a topic that the executive suite should be interested in.

The definition in its present form was developed for my first book on
Product Lifecycle Management (Grieves 2006), although elements appeared
in a previous paper (Grieves 2005). There are some other definitions of Product
Lifecycle Management that differ, and some that differ very radically, from the
definition that I will present here. However, I would argue that the practitioners
in the field would generally agree that this definition captures what most people
familiar with Product Lifecycle Management would consider when thinking
about PLM.

The definition for PLM is as follows:

Product Lifecycle Management (PLM) is an integrated, information-driven approach
comprised of people, processes/practices, and technology to all aspects of a product’s life,
from its design through manufacture, deployment and maintenance—culminating in the
product’s removal from service and final disposal. By trading product information for
wasted time, energy, and material across the entire organization and into the supply
chain, PLM drives the next generation of lean thinking.

While there are many interesting implications of this definition, the focus of
this chapter will be on the why an integrated information approach has rele-
vance to the four phases of a product’s life, namely the create, build, support,
and dispose phases, and what a model for such an approach would look like.

3 Information as a Substitute for Wasted Time, Energy,

and Material

Any discussion of virtualization needs to start with the rationale for doing so. It
has only been fairly recently that economists have recognized the economic value
and difference of information as compared to other resources (Warsh 2006). The
concept of trading atoms for bits has been proposed before (Negroponte 1995).
However, the rationale for doing so has not always been made clear. It often
appears that going ‘‘digital’’ is goal in itself. However, there should be a better
rationale than that.

For PLM, it is in the definitional phrase stated above, ‘‘By trading product
information for wasted time, energy, and material across the entire organization
and into the supply chain, PLM drives the next generation of lean thinking.’’
Lean thinking is the idea that we minimize the use of physical resources in the
four cycles of the product’s life: create, build, support, and dispose.

We do this by using information about the product or what we will call the
‘‘virtualized product’’ to reduce the use of wasted time, energy, andmaterial.We
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cannot eliminate all usage of time, energy, and material. PLM is about physical
products that are atom-based. Material has to be moved, shaped, assembled,
repaired, and disposed of. However, we can attempt to minimize the amount of
resources to do those tasks. The resources above that minimum are by defini-
tion waste.

There are many, many examples that illustrate the waste of resources that
occurs during the product’s lifecycle: redesigning parts that already exist;
manufacturing parts that do not fit together at assembly; ordering repair
parts that are not the right part which is discovered only when the product
has been disassembled; digging parts out of a landfill because they are toxic and
should have been disposed of differently.

Time, energy, material, and information are not directly comparable. Three
of them, time, energy, and material, are quantifiable, but have different units of
measurement. However, we do have a mechanism to equate them. That
mechanism is the costing function. We can apply the cost of each unit of
measure times the quantity of measurement to arrive at a common unit of
comparison, cost in dollars.

Information is more difficult to deal with. Unlike time, energy, and material,
information is not a rival good. The cost of information is not in its application
since the use of information does not diminish it. However, there is a cost in
collecting, organizing, and transmitting information. For purposes of this
analysis, the costs of the resources and computer and communications equip-
ment to do this collecting, organizing, and transmitting over the life of a specific
task can serve as a proxy for the costs of information.

Figure 1 is illustrative of this substitution of information for wasted time,
energy, and material. In this figure, the two bars represent the costs of any
designated task involved with a product’s lifecycle. The task could be the
designing of a part that has certain functionality. It could be the manufacture
and assembly of that part. It could be the repair of that part when it ceases to
function correctly.

The bottom parts of the two bars are identical. They represent the most
efficient use of time, energy, and material to perform the task in question. For

Fig. 1 Information as Time,
Energy, Material Substitute
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designing the part, the bottom part of the bar represents the minimum amount
of resources it would take to create a part that met the functional requirements
if one had the ability to evaluate all possible approaches. For the manufacturing
and support tasks, the same analysis would apply – evaluating all possible
approaches and choosing the one (or ones if there were multiple, equal solu-
tions) that minimized the use time, energy, and material.

The top part of the left bar represents the costs of resources that are used in
excess of the minimum. It represents the resources used in designing the part
and testing it only to find that it does not quite meet the requirements, necessi-
tating redesign and retesting. It represents rework in manufacturing the part so
that two components fit properly together. It represents having to dissemble
and reassemble the part in for repair because wiring was not connected in the
proper sequence.

The top part of the right bar represents the cost of information that replaces
the wasted resources of the task. It is engineering information that predicts that
a design will meet specific requirements. It is a manufacturing simulation that
produces a process so that rework is not required. It is a step-by-step repair
procedure that eliminates the need for disassembly and reassembly.

For purposes of illustration, the cost of information reflected in the right bar
is less than the cost of wasted time, energy, and material. For simple tasks, a
trial-and-error approach may be less costly than collecting, organizing, and
transferring information. However, for complex tasks and repeatable tasks, it is
fairly self evident that the relationship of information being less costly than
wasting time, energy, and material holds true. Learning or experience curves,
‘‘lean’’ manufacturing (Womack, Jones, et al. 1990), and the Toyota Production
System (Liker 2004) are all based on trading information for wasted time,
energy, and material.

It is also important to note that this is an idealized representation. For
complex tasks, there is noway to know the taskmethod(s) that uses theminimum
amount of resources. Information will only be a replacement for some of the
wasted time, energy, and material. There still may be some wasted resources.

The lifecycle of a product is made up of a number of tasks. When looking at
the trade-off of information for wasted time, energy, and material, the sum of the
tradeoffs must be done over the life of the product. If the cost of the resource for a
task is given by C(x), with x being Information (I), wasted Time (Tw), wasted
Energy (Ew), wasted Material (Mw), then for this substitution of Information to
make economical sense, the sum of the information needs to be less than the sum
of the wasted time, energy, and material (C(I) < �C(Tw, Ew, Mw) over all these
tasks.

It is also important to note that different views of the product lifecycle will
yield different results. If product producers only consider the tasks necessary to
create and build the product, their calculation of costs may differ considerably
than if costs of supporting and disposing the product are taken into considera-
tion. The trend due to legal and regulatory pressures is for product producers to
take a broader view of their responsibility.
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4 Back-to-the-Future

Product Lifecycle Management is a new phrase and PLM is a new acronym.

However a product-centric view of the four phases of a product’s lifecycle, i.e.

build, create, support, and dispose, is not a new concept. One of the intrinsic

appeals of PLM and a source of confidence in its effectiveness is that the

concept has worked in the past. PLM is in fact an old concept that has gained

new life due to advances in information technology.
The idea that a product manufacturer concerns itself with the four phases of

a product is as old as product manufacturers themselves. The realization that

information could be substituted for wasted time, energy, and material would

have been known to even the most primitive manufacturers of products. The

product producers who did engage in this substitution would have prospered

more than those that did not. The resources that these increasingly efficient

producers did not waste could go into to more productive efforts.
In addition to this understanding, product producers of the past would have

been concerned with the entire lifecycle of their products. Product producers

were part of relatively small communities and had long relationships with their

products and the users of their products.
By way of example, it is reasonable to assume the manufacturers of chariots

were practitioners of PLM. These ancient craftsmen would have designed their

chariots with an end purpose in mind: transportation, battles, or races to name

some.
The chariot craftsmen would havemanufactured the chariots. They hewed the

lumber to build the frames, weaved the basketry for the passenger compartment,

formed wood into V shapes for wheel spokes and lashed wooden segments with

rawhide to form the tires, and beat metal into shape to form the amour.
These same craftsmen would have supported the product when it was in use.

They would have fabricated new parts when old parts broke. They might have

improved certain aspects of the chariot, such as the placement of amour, after

seeing how the chariot performed in battle. They would have changed out parts

to make the chariot suitable for new terrain.
It certainly may have been that product producers would have remained very

involved in the support of their products. Standards of measurements and the

measurement tools required for interchangeable parts were not developed until

the mid 1800s. Before then, each product was unique. The individual best

capable of supporting the product was the producer of the product.
In the disposal phase, these craftsmen would have attempted to salvage all

the parts that could be reused on other chariots. They would have scavenged

all the metal parts for either reuse or melting down and repurposing for other

armament, such as spear tips. While there is no historical record of used chariot

lots, it certainly is not unreasonable to postulate that chariot manufacturers

facilitated the transfer of chariots from old (or dead) warriors to young warriors

coming of age.
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The coming of the Industrial Age and the ability to mass produce diminished

the focus and the ability of product producers to concern themselves with the

entire lifecycle of a product. As pointed out by Adam Smith (Smith and Jenkins

1948) in his pin factory example, division of labor was a method of reducing the

resources required to produce a given quantity of products.
While this division of labor increased productivity due in part to a substitution

of information for time, energy, and material, there was a loss in information

about the product as a whole. Product information became siloed in functional

areas such as engineering or manufacturing. However, as products became more

complex to create, build, and support, the requirement to have a product-centric

view of product information became more compelling. However, until computer

and communications technologies developed sufficiently, it simply was not

possible.

5 Information Mirror Model

The ability to return to a product-centric perspective requires the ability to

access and manipulate product information as a construct separate from the

product itself. As discussed in the introduction, product information is

embedded within the physical product itself. While humans have had the

capability to extract this information, previous technologies for capturing,

manipulating, and transferring this information could only deal with abstracted

and limited subsets of this information.
However, in order to maintain the division of labor and distinct functional

areas that have allowed for increases in productivity, we need an informational

model of the product that is both rich and shareable. The mental model of an

individual who would be involved with a product from birth to death no longer

suffices. Modern, complex products require many individuals to be involved

with the information about a product throughout its life. However, if these

individuals are to do so effectively, they need to have all the information of the

product available without the requirement of being in proximity to the physical

product throughout its life.
In a product-centric approach, the requirements for physical-to-information

mapping exist at all phases of the lifecycle, although the direction of the flow of

information may differ. In the creation phase, mental designs need to be fully
described and tested for feasibility. In the manufacturing phase, the steps that

minimize resource usage needed to turn these designs into physical products need

to be developed and the actual physical configurations (‘‘as-built’’) need to be

captured. In the support phase, the as-built information needs to available so the

product can be maintained to its designed level of functionality (‘‘as-maintained’’),

ideally before it fails. In the disposal phase, the design intent to provide for safe,

recyclable disposal is known and can be carried out.
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It is only until recently that computers and communications technologies could

deal with the vast amount of data needed for robust representations. Additionally,

prior to computers, manipulation of this information in a dynamic fashion could

only be done internally in human minds and then only in a limited fashion. The

simple rotation in three-dimensional space of a mental model would be considered

a feat that only a limited number of people would be capable of performing.
We are reaching a point in time where the technical capability of computers

and communications makes possible the rich representations of products. In

addition to rendering the geometric shapes with great fidelity in three dimen-

sions, we are developing the capability of simulating physical characteristics of

these products with increasingly better and better fidelity and precision. Simu-

lating complex characteristics such as the crash testing of automobiles or

showing the flow of air on an entire airplane is now possible.
What will be required to fully realize PLM is a model that represents

products and informational constructs. What I have proposed is to ‘‘virtualize’’

physical products and maintain that linkage throughout the life of the product.

This virtualized product can then be used to substitute for wasted time, energy,

and material. The intent with the virtualized product is to use bits wherever

possible in place of atoms. This model was developed to simply describe the

connection between products and their associated information. It was first

called the Mirror Spaces Model (Grieves 2005). The name was subsequently

changed to the Information Mirror Model (Grieves 2006). However, the sub-

stance of the model itself remained relatively unchanged, although refinements

and clarifications were made.
The model consists of three elements: Real Space, Virtual Space(s), and a

linking mechanism, referred to as Data and Information connecting Real Space

and Virtual Space(s). As described in Fig. 2, this is a model that uses elements

that are embedded into our very way of thinking. However, when used as a

model for managing information, it changes some very fundamental ways

product data is captured, organized and used. Specifically it ‘‘de-silos’’ product

information, such that data is not organized by its function, but by the emergent

or instantiated physical object with which it is associated. Doing so brings us

‘‘back to the future’’ in terms of our interaction with product information.

Fig. 2 Information Mirroring Model
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5.1 Real Space

As humans living in real space, we are ontologically compelled to think in terms
of physical spaces. For real objects, it is obvious that a space-based model is
natural. As much as we attempt to conceptualize and abstract the world around
us, we are inextricably bound to our view of the world that comes to us via our
senses. It is embedded in our very language (Lakoff and Johnson 1980). We
experience our world in terms of spaces having physical dimensions that govern
our understandings. No amount of abstraction can separate us from our
connection to physical space and our perception of that space (Latour 1999).

We constantly think in spatial terms even when the concepts are not spatial
concepts, such as up/down, above/below, here/there, and over/under (Lakoff and
Johnson 1999). Common examples abound. ‘‘I am feeling up today.’’ ‘‘The fore-
man is over the assembly line workers.’’ ‘‘My thinking here is...’’ We think in
spatial terms even when thinking about abstract, non-spatial concepts, some-
times unconscious that we are doing this and at other times very deliberately
(Grieves 2000).

5.2 Virtual Spaces

As humans, we have been able to create virtual spaces in our minds as far back
as there is history. While imperfect and transient, we have the ability to create
virtual spaces and control what happens in those spaces. This is the process we
know as imagining (Casey 1976). We can build representations of the real world
and change these representations either as things change in the real world, or as
we postulate things could change.

Drawing in the dirt was probably our first mechanism to share our virtual
space. However, langue was and is our main mechanism to share these private
virtual spaces. Rearranging atoms (dirt, clay, papyrus, ink and paper) gave both
our drawings and writings permanence, albeit in static form and with some
forms less permanent than others. The advent of computers allowed for
dynamic spaces that could be shared on a local basis by all connected to that
particular computer system.

The advent of computers also created a virtual space that possessed inde-
pendent processing capabilities and therefore could be dynamic. Communica-
tions technology allowed this virtual space to be shared by individuals in
geographically diverse locations. The Internet took communications to the
level of ubiquity where anyone anywhere in the world could access and interact
with the shared virtual space.

The constraints or limitationswith earlier computer systemswere such that their
representations of the real world were constrained by the state of computing
technology to only a very limited amount of information about real world objects.
This necessitated substantial abstraction to only the coarsest characteristics. For
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example, early computerized information about a part consisted of its part number
and limited amount of characteristics such as dimensions, color, weight, etc.

In addition, manipulations were limited by processing power. Even if real
world objects could be described sufficiently, the processing power to do anything
useful was unavailable. For example, in the 1970s, the mathematical calculations
required to rotate even a simple geometric representation required dedicating a
multi-million dollar mainframe computer.

Thanks to Moore’s law and its corollaries in computer storage and commu-
nication bandwidth, these limitations have reached the threshold where computing
systems can accommodate a desired functionality with respect both to mirroring
the description of complex objects and to manipulating them. Mathematical
descriptions of parts’ geometries are such that they can directly drive manufactur-
ing machinery to create functional parts without human intervention. In addition,
these complex objects can be combined to form evenmore complex objectswith the
correct spatial orientations within the context of their use. This was and is a shared
space where an object could be created and manipulated. Multiple people could
agree on its interpretation because they all see and understand the same thing.

However, it was not until the global diffusion of the Internet that easily
shared, universally accessible virtual spaces were made possible. Prior to the
Internet and World Wide Web becoming readily accessible, the ability to link
multiple individuals into this shared space, especially if separated geographically,
was technically challenging and very expensive. Connections to this shared space
took planning and dedicated communications resources. The Internet enabled
nearly anyone with access to a computer and communication line to access these
shared spaces.

Per the IMM, this shared space implies a singularity of information. Unlike
real space, it is almost costless to reproduce and manipulate copies of data
objects. While a powerful advantage of virtual spaces, multiple copies can also
be a source of waste and inefficiency. In engineering design, multiple copies can
lead to wasted work being done on old versions of the object. In support, it can
lead to multiple copies of the product that reflect different components that
can only be resolved by expensive physical inspection.

Where there is a corresponding physical object, the issue of singularity of
information is obvious: the virtual space mirrors the physical space. The issue
does arise where there is no physical equivalent as in the create phase. In fact, an
advantage of PLM is to forego the costs of developing physical prototypes and
do asmuch work in designing and testing digitally and virtually. In this case, the
people dealing in the creation phase need to treat their virtual object as if it did
have a single, physical equivalent. This representation has been called the
‘‘controlling’’ virtual object (Grieves 2006, p. 78). Failure to observe this con-
vention can easily result in incompatible work being done on different versions
of what should be the same virtual object. The result is wasted resources in
diagnosing the situation and substantial recovery and rework.

Where real space has only a single, unique existence, virtual spaces can be
duplicated. As indicated in Fig. 2, these subspaces (VS1 . . . VSn) can be used
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recreate the shared virtual space in order perform individual work on products.
Different configurations and simulations of those configurations can be per-
formed in these private subspaces without affecting the shared space.

While a subspace may be identical to the shared space, any activity taking
place is independent of the shared space. The results of any work done in these
subspaces can bemoved to shared space and become a controlling virtual object
only under the conditions specified by the owner of the shared virtual space.

The simulations afforded by these subspaces allow formuchmore experiment-
ing and testing than can be done in real space. As computers become more
powerful, more testing will be done via virtual subspaces. While physical testing,
such as crash testing, will continue to take place, it will be done not as testing but
as validation of the virtual tests that have taken place in virtual space.

5.3 Linking Mechanisms

Once virtual spaces are able to be built, accessed, and manipulated, the key to
IMM and consequently to PLM is the ability to link the virtual space to its real
space or physical counterpart. This is what will allow PLM to have real utility.
It is the ability to access the virtual representation of an item and know that it
substantially mirrors the state of the real world object.

To make full use of virtual spaces, linking mechanisms are required in both
directions. Data must be collected and transmitted from real space to virtual
space where it is organized into information. That information must be acces-
sible and available in real space. In both cases, this currently is a human-
intensive activity. With the exception of process control systems, the interface
between the real and virtual spaces has primarily been humans coding and
entering data and requesting information via tactile devices, such as keyboards,
touch screens, mice, graphical tablets, etc.

This means that the create phase has advanced and will continue to advance
rapidly. The creation of a physical product requires that the designer first create a
virtual product. The technologies that exist, while not of ‘‘MinorityReport’’ science
fiction quality, do a sufficient job of capturing designs originating in real space and
will continue to improve. Displaying those designs back to the designers and their
colleagues in full scale (Power Walls) and in 3-D statically and even dynamically
(caves and interactive caves) also exist and are advancing. Creating physical objects
directly from this information via various technologies such as stereolithography
and laser/powder metal forming is feasible and advancing.

In the manufacturing phase, capturing the data on the creation of physical
products (‘‘as-builts’’) and building mirrored virtual products is occurring
slowly. The three components required to do this are: a) physical measurement
and capture equipment such as Coordinate Measuring Machines (CMM’s) and
sensor equipped machinery; b) data collection and consolidation software; c)
Manufacturing Execution Systems (MES) to organize and store the virtual
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product. As manufacturers become aware of the ability to use this information

for such purposes as virtual quality control, the capabilities and technologies

will advance more rapidly.
The support phase is still in its infancy. Product manufacturers are becoming

increasingly aware of the need to instrument their products and use that data to

remain linked to the product after the product has left the factory door. As
manufacturers recognize that this creates new revenue opportunities and as

instrumentation and associated communication technology advances, this area

will grow rapidly.
The disposal phase has been ignored for the most part. However, the ability

to dispose and recycle appropriately requires that the virtual product with its
information about how it was designed to be recycled and disposed be available.

It is only a matter of time until regulatory and legal pressures make this a

priority.
For IMM to reach its full potential, the linkage between the object in virtual

space and its counterpart will have to be robust, accurate, and timely. This area
of linkage is where substantial investments and advancements in technology are

currently taking place. On the data collection side, the advancements are

occurring in areas such as RFID, mechatronics, sensors, and video recognition.

On the information presentation side, advancement areas include search

engines, virtual reality technologies (e.g. VR goggles, caves, holographic and
haptic equipment, etc.). For both areas, wireless communications technologies

are a key enabler.

6 Summary

Product Lifecycle Management as a term and PLM as an acronym are 21st

century constructs. PLM is a product-centric perspective of the information

about a product throughout the four phases of its life: create, build, support,

and dispose. The premise underlying PLM is that less expensive information
can replace more expensive wasted time, energy, and material.

The intrinsic appeal of PLM is that, although new in its current construction,

it is a back-to-the-future approach to product information. When products

were simpler and localized, information about the product could reside in

mental models of the individuals who created, built, supported, and disposed
of the products. These individuals could use the information they had about the

products to replace wasted time, energy, and material. As products became

more complex, more voluminous, and less localized, these mental models were

incapable of maintaining the information required. Division of labor was the

method needed to efficiently support such a change in product production.
However, this meant information became siloed and a product-centric perspec-

tive was lost.
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It required the capabilities of the modern computers with their current
capacities in computing capability, data storage, and communications band-
width to return to a product-centric model. The requirements to fully ‘‘virtua-
lize’’ products and maintain information throughout the life of the product
required 21st century technology.

The model presented here, the InformationMirrorModel (IMM), is an ideal
representation of what a virtualized product will entail. The ability to maintain
a virtual product that reflects the state of the real product and vice-versa will
allow individuals to trade this virtual information for physical resources,
namely time, energy, and material. While this is an idealized model, the trend
of applications in the PLM area is supporting the direction of this model.

While PLM is a back-to-the-future concept, the technologies of today are
qualitatively incomparable with what the chariot producers of eons ago had at
their disposable, namely their mental models andminimal drawings. Correspond-
ingly the potential trade-off of PLM information for wasted time, energy, and
material is also incomparable with greater savings as the technologies enabling the
Information Mirroring Model continue on their improvement trajectories.
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Measuring the Impact of Product Lifecycle

Management: Process Plan, Waste Reduction

and Innovations Conceptual Frameworks,

and Logic Model for Developing Metrics

Cynthia Tomovic, Abram Walton, Lisa Ncube, Michael Grieves, Ben Birtles,

and Brandon Bednar

Abstract Companies implement Product Lifecycle Management (PLM) as a
means to reduce costs associated with wasted time, energy, and material with

the expectation that captured resources can be reallocated to product and
process improvements and innovations, potentially resulting in new revenue

streams. As organizations prepare to implement PLM, it is critical that they
understand their expectations of PLM and that they track the impact of PLM
relative to achieving their organizational goals. A PLM Process Plan, PLM

Waste Reduction and Innovation Conceptual Frameworks, and PLM Logic
Model for Developing Metrics are suggested as a guide to organizations tasked

with determining the impact of their PLM initiative.

Keywords Product lifecyclemanagement � Performancemeasurement � Metrics

1 Introduction

Product Lifecycle Management (PLM) is a holistic business strategy built on
lean-thinking principles. Whereas lean-thinking focuses on reducing organiza-

tional wastes associated with time, energy, and materials, PLM focuses on
capturing wasted resources and reallocating them in support of product and

process improvements and innovations, potentially resulting in new revenue
streams. While numerous studies have been conducted on measuring an organi-
zation’s level of waste reduction, literature on how to accurately measure the

revenue generation capacity associatedwith PLM is relatively new (Grieves 2006;
Stark 2004; UGS 2007; Symmonds 2005).

The vision of PLM is to transform the way companies manage the product
lifecycle phases including initial ideation, concept design, product design, manu-

facturing design, production, and delivery to the customer, in-service support,
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and retirement from use (Miller 2005). Today more than ever before, if compa-
nies are to sustain a competitive advantage, they must exploit their innovative
capabilities or develop such capabilities to address the disruptive effects of
emerging technologies, customization demands, new market entrants, shorter
product life cycles, geopolitical instability, and market globalization (Muller
et al. 2005).

As PLM transforms the way companies do business, it is important that
companies understand how well they are doing, that is, whether or not PLM is
making a difference in their operations and to their bottom line. In recent years
there has been a major change in how business performance is measured. While
traditional performance measures include net income, operating income,
revenue, and while these measures will always be relevant and important in
determining profitability and successes of an organization, the role played by
project theory in developing, operating and evaluating projects is being recog-
nized (Barchan 1999).

Projects in general, but PLM projects in particular, tend to be complex
projects consisting of many different interlocking components. The failure to
pay attention to all phases of product lifecycle, particularly the end of the
lifecycle when sales dip and administrative costs soar, can result in a negative
impact on business performance (Marien 2006).

After having invested millions of dollars in technological infrastructure,
training and support, senior level executives are anxious to see reliable data
supporting their investments in PLM. Moreover, without knowing the bottom
line impact of PLM on cost-savings and revenue-generation, executives are
unable to accurately estimate the level of risk associated with future PLM
investments. The primary focus of this chapter is to suggest a PLM Process
Plan, PLM Waste Reduction and Innovation Conceptual Frameworks, and a
PLMLogicModel for DevelopingMetrics to guide organizations as they define
the process and the metrics used to measure how effectively they are ‘PLMing’.

2 PLM Process Plan

Businesses need to develop and follow a PLM Process Plan (Fig. 1). For every
company, there must be clear and compelling reasons to engage in PLM. It is
critical that companies consult their own strategic plan and question how PLM
can help them achieve their particular goals. In essence, businesses should first
conduct a benefits appraisal. By focusing on the goals and potential benefits,
companies will less likely focus on technology alone and instead come to see
PLM as a total system involving people, processes/practices, and technology.
Even in the early stages of considering PLM, it is important that companies
begin to think about what metrics to embrace; so that they can later measure
actual benefits achieved from the PLM related solutions deployed (CIMdata
2002). Once having consulted the strategic plan and determined on which goals
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to focus, and once defined appropriate metrics, including baselines and targets
for each metric, the next step is to define the methodology to collect the data.
Finally, procedures should be defined as to how data should be fed back into the
system to ensure that the PLM solution is delivering expected benefits, thus,
contributing to the cycle of continuous improvements as it relates to the PLM
initiative (Deming 1993).

3 PLM Basics – Capturing Wastes and Reallocating

for Innovations

Literature suggests (Grieves 2006; CIMdata 2002) that approximately eighty
percent of the overall cost of a product is based in engineering. Consequently,
most executives focus their PLM efforts on the plan/design, and manufacturing
phases of PLM.While these efforts do not represent the entire cycle of PLM, those
who are successful in their implementation of these PLM components are being
heavily rewarded with increased market share, profit margins, brand recognition
and the like. Nonetheless, in order to continue their support and investment in
PLM, executives are asked to justify expenses associated with PLM and its
potential. Alternatively, as is often the case, executives make the case that without
PLM, they stand to go out of business. In either case, once the decision to invest in
PLM is made, executives struggle with how to effectively and successfully orches-
trate such a large corporate-wide initiative, and how to demonstrate its impact.

One of the most news-worthy examples of the success and pitfalls of PLM
involves the number one and number two airplane manufacturers in the world.
Boeing and Airbus each embarked on their own multi-billion dollar venture, to
revolutionize air travel. Boeing, with its Dreamliner and major improvement in
operating efficiency and ultimate passenger experience, and Airbus with its
A380 and unprecedented passenger capacity loads, were in a first to market

Fig. 1 PLM Process Plan
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race, and each had hopes of capturing the other’s market share. Due to version
control issues, Airbus ended up billions of dollars and years behind their target
(Duvall and Bartholomew 2007). Boeing, on the other hand, escaped this pitfall
by having maintained tighter version control.

As many other engineering andmanufacturing based companies are learning to
traverse the world of PLM implementation, they are finding that there are vast
opportunities for PLM initiatives. With American companies facing issues such as
global warming, rising fuel costs, and increased global competition, pioneering
companies are finding innovative ways to address and capitalize on these new
challenges. Engineers from around the globe who pool their information to design
better products are engaged in ‘follow-the-sun’ strategies, e.g. finding innovative
ways to reduce vehicle emissions, reduce vehicle weights, increase gas mileage, all
while increasing brand recognition and passenger safety (Kriz 2007).

Since implementing PLM,GMhas saved thousands of hours and reallocated
their savings to improving product safety. Today, GM will simulate 175 crash
tests for every 1 full-vehicle crash test (Brown 2007). Not only are companies
simulating more prototypes and tests, but the simulations are vastly more
complicated than those prior to PLM technologies. Simulated computermodels
could solve 1,000 equations simultaneously, prior to PLM, while today they can
solve over 30 million equations (Brown 2007). This level of complexity allows
engineers to analyze crash results in frames of 100th of a second.

These types of innovations coupled with a corporation’s willingness to invest
in PLM and undertake the more challenging opportunities are proving to be
lucrative and environmentally friendly. In an effort to reduce their impact on
global warming by decreasing new vehicle emissions, Toyota and BMW
designed cars with fewer emissions which received the attention of many new
customers and improved their market share. John DeCicco suggests that efforts
such as these are ‘‘a clear example of innovative designs paying off for the
bottom line and the environment’’ (Thomas 2007, p. 1).

3.1 PLM Waste Reduction Conceptual Framework

PLM users require product knowledge at each particular product phase and
access to product information throughout the entire product lifecycle. Sections
3.1.1 through 3.1.3 describes the PLM elements (Grieves 2006) on which the
proposed PLM Waste Reduction Conceptual Framework is based (Fig. 2).

PLM ElementsWaste Reduction 
Components People Process Practices Technology

Time
Energy
Materials

Fig. 2 PLM waste reduction conceptual framework
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3.1.1 People

A commitment to supporting people by educating them is essential to effective
information flow. As with any change implemented at the organizational level,
willingness to guide people through the transitional period can mean the
difference between success and failure (Bridges 2003). With significant
resources already invested in a technological infrastructure it would be foolish

not to help employees change their current paradigmwith regard to both how to
access and how to communicate within a system of information.

Within a traditional organization, established lines of communication sel-
dom follow a product or service through the product lifecycle. Departments
tend to act independently of one another, handing off a completed module at
the end of a department’s value-adding process. Establishing clear lines of
communication between departments and facilitating real time communica-
tions clearly affects peoples’ behavior and will necessitate a change if increases

in productivity are to be realized.
Supporting a culture where information is shared instead of being guarded

during a product’s lifecycle is paramount to PLM success (Bridges 2003). An
organization can capitalize on identifying potential errors when they exist in
virtual space instead of scraping products due to errors at the manufacturing
phase. Recognizing errors earlier in the process requires employees to develop a
greater sense of trust. It also requires that each department be involved in the
entire lifecycle of a product.

Ways in which to think about the potential impact of PLMonwaste reduction
with regard to time, energy, and materials across people might include: time –

time to complete product cycle; expect a reduction in product cycle time as
upstream changes can be communicated immediately to persons downstream
such that changes can be accommodated without delay; energy – energy used to
support meetings; expect a reduction in energy required to support people in face
to facemeetings as they begin towork in virtual space;materials – number of times
raw material is delivered correctly to each person in the manufacturing process,
expect an increase in the number of correct times raw materials are correctly

distributed to each person in the manufacturing process as the pull-system can be
simulated and adjusted based on actual sales figures versus historical data.

3.1.2 Processes and Practices

A focus on processes and information flow must be established in tandem with
the creation of an information system if PLM is going to be successfully
implemented. Best practices often are created through the natural norming

practices of organizations. Prior to the advent of PLM, communication
between departments may or may not have been codified. Upon review and
standardization, such communication practices may be defined as acceptable
processes.
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A simple yet useful distinction between processes and practices are that
processes are input and routine driven, while practices are output or results
driven. With processes, the output or result is the results of applying the
specified routines or processes to the defined inputs. With practices, the desired
result or output is attempted to be obtained by selecting inputs and routines
from the universe of all possible inputs and routines.

The information requirements for processes and practices differ consider-
ably. With processes, the information needed is only that input that is called for
by the routines or processes.With practices, all information that is relevant, and
maybe even information that appears irrelevant, needs to be made available so
that the practitioner can explore as many potential situations as possible to
yield the desired results.

With the advent of a PLM system, members can work together in real time
on digital models. A change in design can be immediately communicated to
engineering, who in turn can adjust component requirements, which is commu-
nicated to purchasing and budgeting. Since these changes are happening con-
currently, the representative of each department can focus on their tasks as they
relate to the entire product. Due to the transparency of the PLM process,
employees will be less likely to inadvertently duplicate one another’s work
(CIMdata 2003a, b).

Accessibility to internet databases becomes more important as virtual design
and testing become a part of accepted business practices. With an adequate
computing system and access to the internet, team members no longer need to
be in close physical proximity (Friedman 2006). The ability to collaborate from
a distance reduces costs in gathering a product team in one location and allows
organizational leaders more flexibility when making decisions involving staff-
ing and team composition (CIMdata 2006).

Ways in which to think about the potential impact of PLM on waste reduc-
tion with regard to time, energy, and materials across processes/practices might
include: time – number of times designs are reused, expect a reduction in time as
engineers build and store a digital catalogue of parts which may be reused in
future product designs; energy – amount of energy required to sustain a manu-
facturing line, expect a reduction in energy used to run a manufacturing line as
alternative subassembly arrangements may be virtually created and consulted
with regard to energy use in advance of building the actual manufacturing
process; materials– amount of inventory, expect a reduction in inventory as the
sharing of information in an information core should better support the timing
of purchasing decisions.

3.1.3 Technology

A solid technological infrastructure must be in place to support the demands of
a meta-database that can provide real time access to information by all mem-
bers of a project team. With the emergence of information technology, such as
the Internet and high-speed fiber-optic data transfer, organizations have been
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able to share ideas, transfer designs, and stimulate collaboration among depart-
ments with increasing ease. Limitations such as geographic proximity to other
team members have become much smaller barriers now that data can be shared
in virtual space (Friedman 2006). By substituting data bits for physical objects,
huge reductions in time and resources can be realized.

A lifelike rendering of the product must be presented to members of various
departments if they wish to virtually manipulate product capabilities. To do
this, programs such as CAD/CAM have been created. CAD/CAM and similar
programs greatly enhance the effectiveness of engineers and allow organiza-
tions to inexpensively move their planning and design functions to geographical
regions that offer comparatively inexpensive technical designers and data
analysts (CIMdata 2003a, b; Engardio 2007).

One of the areas most able to benefit from this new technology is destructive
product testing (Grieves 2006). If a product must be destroyed to test its static
or dynamic load limits, significant costs will be incurred during the design and
testing phase. Destructive testing costs limit the amount of testing that can be
conducted. If a digital model can be tested, prior to physical testing, then many
of the incompatibilities of early designs can be resolved. Furthermore, if a
digital model can be housed in virtual space, where members of each product
lifecycle phase have access to it, an additional savings in time can be achieved as
the team members are able to work concurrently, instead of consecutively
(Gould 2003).

In the last two decades, better information systems have allowed the automotive
business to grow in the billions of dollars (IBM 2004). More efficient information
systems have resulted in a reduction of wasted time, energy, and material and
allows for the sharing of increased product-based information. According to one
study, engineers and designers find information about ninety percent faster in
digital environments than in non-digital environments (IBM 2004).

Ways in which to think about the potential impact of PLM on waste reduc-
tion with regard to time, energy, andmaterials across technologymight include:
time – time to locate information, expect a reduction in time to locate informa-
tion as it would take less time to access data in an information core than in
potentially multiple personal hard copy or electronic files; energy – amount of
energy spent in distribution of parts to subassemblies, expect a reduction in
energy due to better factory layout designs than by physical trial and error;
andmaterials– amount of scrap used in testing, expect a reduction in scrap due to
increased use of virtual testing versus physical testing.

3.2 PLM Innovations Conceptual Framework

Assuming wasted resources (time, energy, and materials) are captured; the
opportunity to reallocate these resources to innovation is available. In essence,
resources can be reallocated in support of product quality improvement and/or
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increases in product functionality, and/or improvements in processes. Thus, the
benefits of PLM are not only in waste reduction, but opportunities to poten-
tially generate new revenue streams present themselves as a function of product
and process improvements (Fig. 3).

3.3 PLM Data – Characteristics

The current body of scholarly literature focuses on PLM as an approach to
control information flow and access to this information in support of the
product lifecycle, e.g., plan/design, build, support, and dispose (Fig. 4).

Before operationalizing the proposed conceptual frameworks above, it is
important to review the underlying characteristics that are an integral part of
PLM, namely, the singularity, correspondence, cohesion, traceability, reflec-
tivity, and cued availability of the data in each phase (Grieves 2006). If these
characteristics are not intact, data in the information core will be compro-
mised, and the PLM initiative will likely fail. PLM can only work effectively if
the data in the information core reflects reality, and that that reality, at all
times, is recorded or reflected in the data of the information core. In this

PLM ElementsInnovation 
Components Product Process

Functionality

Quality

Fig. 3 PLM Innovations conceptual framework

Fig. 4 Product lifecycle
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manner, there should be a one to one correspondence between the data that

describes and is stored about a particular product and the physical reality of

that product.

� Singularity – Much like in version or document control, singularity refers to
the identification and agreement on which version of the product informa-
tion everyone is working. The issue of controlled versions is critical. In the
case when a product is tangible, data about that product can be readily
assessed, verified, and documented. However, in the case of a virtual pro-
duct, there has to be system by which changes from one version of a product
file to the next version can be tracked and catalogued. In this manner, the
cataloguing feature of an information core helps to prevent the potential for
wasted time, e.g., the time individuals erroneously spend on working off an
older version of a product data file.

� Correspondence – Refers to the linkage between a physical object and the
data that describes that object. If one begins with a tangible product,
correspondence is largely an exercise in data extraction, e.g., developing
the methodology and technology that allows the physical features of a
product to be coded, catalogued, and digitally shared. Even in the case of a
virtual product, the data that is extracted about the virtual product should
permit the complete physical build-out of that virtual product. The concept
of start or smart parts is dependent upon a one to one correspondence
between the virtual product and its component parts in the physical world.
Because engineers can fully understand the constitution of a product and its
parts, be it virtual or physical, they can choose to start with a pre-existing
part that will serve their purposes, versus wasting the time and energy
required to design and create a redundant new part.

� Cohesion – Refers to the ability to reconcile different representations of a
product and its parts, depending on the perspective, e.g., mechanical, elec-
trical, three-dimensional, etc. The concern here is not with just the represen-
tation of the product and its parts, but the potential impact a change in one
perspective may have on another, e.g., the impact of a change in the electrical
perspective on the mechanical perspective. Given the new generation of
software development, changes in one perspective may automatically create
changes in the remaining perspectives, thereby potentially reducing time and
energy wasted. Time required to reconcile multiple versions of a bill of
materials (BOM) may soon be a thing of the past.

� Traceability – Refers to the ability to follow the developmental path of a
product over time due to it having been documented. Digitized data over time
allows one to run and re-run tests over multiple virtual products, from which
multiple analyses can be conducted. Start and smart parts, for example, would
have already been tested and the results of their tests would be traceable. In
this manner, time, energy and materials can be saved. Additionally, given the
increases in lawsuits, product liability cases, and claims of violations of
governmental regulations, traceability is important in a company’s defense.
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� Reflectivity – Is the ideal that changes in physical products or parts are
captured, without any or with little lag, in virtual counter-part products.
Because of reflectivity, information can be substituted for what would have
been otherwise wasted time, energy, and material. Capturing ‘‘as-built’’ infor-
mation and updating this information through out the life of a product is one of
the benefits of PLM.

� Cued Availability – Is simply being able to have the right information at the
right time. An added benefit of this feature is that usable information may be
made available as a function of the search engine. This feature is expected to
improve in the future as relational search technologies mature.

4 PLM Logic Model

A clear understanding of a project’s conceptual framework can contribute to
the successful performance of many important developmental and evaluative
tasks along its life span (Savaya and Waysman 2005). A structured approach
that analyzes a product at all stages of the lifecycle for maximum effectiveness
and efficiency is therefore essential. The project logic model assists in describing
and articulating the project theory by guiding and structuring the process
(Savaya and Waysman 2005). A logic model is a diagrammatic representation
of the logical or causal relationships among project elements and the problem to
be solved, thus defining measurements of success (W.K. Kellogg Foundation
1998). A logic model illustrates the logic or theory of the program or project
while focusing attention on the most important connections between actions
and results. Furthermore, the project logic model helps to build a common
understanding among staff and with stakeholders which is essential for the
successful implementation of PLM. Another important characteristic of logic
models is that it helps project personnel ‘‘manage for results’’ and informs
project managers of ‘‘gaps’’ in the logic of a program and focuses attention on
the need to resolve them (Nakabayashi 2000, Bell 1998).

4.1 Developing PLM Metrics Based on a Logic Model

The model (Fig. 5) combines two views on innovation. It provides the perspec-
tive for a suite of potential metrics that help assess and develop a company’s
capacity for PLM (Muller et al. 2005).

The various components of the model include:

� Inputs/resources – addresses the allocation of resources to effect the balance
optimization (tactical investment in the existing business) and innovation
(strategic investment in new businesses) (Simmons 2000). The resource
inputs include capital, labor, and time.
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� Process – assesses the extent to which a company’s competencies, culture, and
conditions support the conversion of innovation resources into opportunities
for business renewal (Harbour 1997).

� Outputs – are the product or service delivery/implementation targets for
PLM. These include:

– Completion Performance–visibility of howwell teams are doing in terms of
conformance to stage gates and specific milestones and delivery points

– Resource Optimization – reporting team efficiency and productivity, captur-
ing and reporting resource usage around key processes, productivity indica-
tors, resource planning and profiling for ‘‘follow the sun’’ global operations

– Change Control and Change Capacity – visibility of the impact of changes
in terms of direct and indirect costs, reporting on frequency and scope of
change transactions, volumes of changes, speed to completion, e.g., of the
Engineering Change Order (ECO) cycle

– Configuration Management Metrics – the ‘‘single record’’ capability of the
PLM system to report changes to the various baselines

– Project or Product Quality – capture and reporting of re-work and scrapping
levels, identification of compliance levels and ‘‘right first time’’ outcomes.

– Product Development and PortfolioManagement – Linking in sales yield and
estimates of re-use value to determine which products bring the best returns

Fig. 5 PLM logic model for developing metrics (examples provided)
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– Commercial Cost of Risk – Project slippage, additional resourcing, and
commercial penalties, among others (PTC 2004)

� Customers – refer to the users of the products/services (Harbour 1997).
The target audience the PLM project is designed to reach.

� Outcomes – are the changes and/or benefits resulting from PLM activities
and outputs (Simmons 2000). The short-term outcomes refer to the changes
in learning in terms of knowledge, skills, and attitudes that have come about
as a result of the implementation of the PLMproject. Intermediate outcomes
refer to the changes in behavior, practices, or decisions, which are a result of
PLM. Long-term outcomes are the changes in conditions which include such
results as waste reduction, innovation and new products, continuous
improvement and sustainable green manufacturing.

� Impact – is the return on investment in strategic innovation of the PLMproject.

Every project has factors that are outside of the control (positive or negative)
of the company that may influence the outcome and impact of its program/
project and these factors are referred to as the External Influences. External
influences include the economic climate, the global market, and government

regulations among others (McLaughlin and Jordan 1999).
The difference between accurately measuring whether or not success has

been achieved is crucial in the decision making process. Metrics for the input
assess whether or not adequate and appropriate resources have been allocated
to the PLM project. Process metrics on the other hand, focus on whether the
PLM activities are being conducted appropriately. These metrics focus on
quality issues (Harbour 1997). The efficiency and effectiveness, which are the

most critical measures, apply to the outputs and outcomes. Output measures
determine the extent to which the manufactured products and services are
meeting customer requirements and needs. Outcome metrics measure the
effectiveness and impact of the PLM project on meeting organizational
goals. These metrics focus on the extent to which the PLM project has met

its originally stated objectives waste reduction, innovation, and sustainable
manufacturing.

5 Summary

The goal of this chapter is to provide a PLM Process Plan, PLM Waste
Reduction and Innovations Conceptual Frameworks, and a PLM Logic
Model for Developing Metrics for organizations interested in assessing how
well they are ‘‘PLMing’’. As previously discussed, many organizations have yet

to implement PLM fully as the question of return on investments remains
elusive. As a normal course of business, executives must justify their current
and future PLM investments as a function of organizational performance. Since
2001, a number of businesses have launched a PLM initiative based on the
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understanding that if successfully implemented, PLM leads to enterprise effi-
ciencies and opportunities. However, industry reports that benefits of PLM are
difficult to assess as the same benefit can be expressed as a function of time, cost,
or quality; and often times, the benefits overlap (Stark 2004). While important,
defining metrics that accurately measure the impact of PLM is no easy task.
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Reliability-Based Collaborative Design Platform

for Hydraulic Actuation System
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Abstract This paper presents a reliability-based collaborative design platform

(RCDP) for hydraulic actuation system wherein the reliability design and relia-

bility analysis are implemented in whole design process. The central idea of

RCDP is to decentralize the complex system into several subsystems, in which

the propagation of designed parameters as well as shared parameters are con-

sidered throughout the multilevel hierarchy and the integrated optimization can

be achieved with distributed optimization. Since system parameters are not

necessarily deterministic, the probabilistic design is exploited to guarantee the

system performance both in structural strength and reliability in lower level of

product design. Upload the local designed parameters that are related to upper

level, we can solve the bi-level optimal design problem through establishing the

appropriate objective function and constraint. Taking full advantage of inherent

interface of commercial design software or developed medial file, RCDP can

exchange information, access public data and verify the design variables dyna-

mically within different disciplines so as to achieve the performance-based opti-

mization with reliability constraint. RCDP has clear advantages compared with

other single discipline design method, i.e. high interoperability, rapid developing

process, well performance verification and enough product uncertainty design.

On the basis of several common commercial software, e.g. material, mechanical,

dynamics, control, hydraulic and reliability, RCDP provides suitable design flow

that can join the multidisciplinary design method and reliability analysis synthe-

tically to satisfy the interdisciplinary requirement. Application of hydraulic

actuation system design indicates that the reliability-based collaborative design

can give suitable room to accommodate the conflict and coupling among differ-

ent individual discipline design in time that can save the design time, decrease the

loss due to improper design and achieve the design optimization.
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1 Introduction

With the increasing of the demand for the high reliability and safety, more and
more engineering designers think much of reliability-based design and multi-
disciplinary design optimization (MDO) when they develop a complex system.
However, direct integration of reliability-based design and MDO may present
tremendous implementation and numerical difficulties (Agarwal et al. 2003).
How to design a complex product with integrated optimization in design
process considering the reliability is an important problem demanding urgent
solution. Especially to the complex control system, its performance is related to
the structure, dynamics, frequency width, power matching and reliability whose
integrated performance depends on several disciplines such as mechanics, kine-
matics, dynamics, cybernetics and reliability, so reliability-based MDO facil-
itates considering the multidisciplinary design to achieve the integrated
performance optimization. Whereas the traditional design of control system
always concerns some disciplines while ignores others, it may lead to design
conflict among different disciplines. For example, traditional engineering
design of aircraft actuation system is carried out on static parameters (cylinder
geometric size, servo valve and hydraulic power selection) and dynamic perfor-
mance (frequency width, amplifier coefficient and control parameters), but it
seldom considers its weight, cost and reliability. If the initial designed para-
meters can not meet the requirement of other disciplines, the compensating
redesign process likely results in waste of resources and extension of the design
cycle, and frequently pushes to the limits of design constraint boundaries, leav-
ing little or no room to accommodate uncertainties in system design. So the
field of MDO has seen rapid advancement from uni-discipline design (Xiaoping
et al. 2008) in mission definition stage, conceptual design phase and preliminary
design phase that can aid system engineers to identify interactions among
different disciplines and improve integrated performance of comprehensive
product. MDO allows designers to incorporate all relevant disciplines simulta-
neously since it can exploit the interactions between the disciplines (Michael
et al. 2004). Practically, it is really difficult to realize multidisciplinary optimi-
zation for comprehensive product design because participating disciplines are
intrinsically linked to one another. Furthermore, such an integrated implemen-
tation is also subjected to complexities introduced as a result of a large number
of design variables and constraints.

Several approaches for MDO have been developed during the 1990’s, all of
which had as an objective the coordination of the interacting disciplines during
the design optimization process (Bennet et al. 1997). At the same time, the
increasing concentration on economic factors and the attributes known as the
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‘‘ilities’’ make it possible to achieve optimization in performance, manufactur-
ability, reliability and maintainability. So the innovative MDO framework and
software are mushrooming. In 1990 s, Dr.Mark B. Tischler developed a MDO
software-CONDUIT (Control Designers United Interface) in NASA, and
applied it into UH-60 helicopter and X-29 aircraft (Andersson et al. 1998).
Dr. Eric Hallberg, affiliated with American navy graduate school, developed
RFTPS (Rapid Flight Test Prototyping System) to realize the multidisciplinary
simulation (Hallberg et al. 1999). The latest MDO framework emphasizes on
automation, optimization and integration of design process, which is widely
used in engineering application such as aircraft, launch vehicle and generator
(Takahashi et al. 2005). In 2002, Jean Yues Trepanier and Abdulsalam Alzubbi
developed aMDO framework VADOR that compose of graphic interface, data
server, implementation server and data management system to realize the
interdisciplinary design (Abdulsalam et al. 2000). Subsequently, Weiming
Shen presented MDO environment-WebBlow, which adopted Web interface,
agent computational resources and data management based on HML (Shen
et al. 2002). It is reported thatMDO can improve product quality, decrease cost
and shorten the design period to 1/5 the original.

Since system parameters are not necessarily deterministic, the system para-
meters (e.g. material properties, boundary conditions, loads etc.) should be
stated probabilistically (Robert andMark 2000), this class of problems is called
reliability-based multidisciplinary optimization. Reliability design method used
to calculate the failure probability or reliability of current point (only a design
point), and reliability-based optimized design method is not only to identify the
nature of the design results largest, smallest or more goals, but also to meet the
constraint conditions when it comes to the minimum reliability (or maximum
failure rate).Therefore, in order to create a problem of the reliability-based
optimization design, the general characterization of optimal design will require
some changes, such as adding some random variables, and change the qualita-
tive constraint to be random reliability constraint. R. Sues’s reliability-based
multidisciplinary design optimization randomizes the system parameters, such
as material performance, boundary condition and load, and optimize themwith
integrateMDOmethod under uncertain factors (Sues and Cesare 2000). Xiaop-
ing Du presents concurrent sub-space uncertain analysis method to design a
system with Monte Carlo method (Du and Chen 2005). Dr. Harish Agarwal
utilized response surface to realize the multidisciplinary design optimization
(Harish and John 2004). D. Padmanabhan did some research work on relia-
bility-based optimization with approximate technique (Padmanabhan 2003).
Although the existing reliability-based MDO methods aforementioned are
effective in system multidisciplinary design, they pay more attention to the
component designed parameters whereas the system performance is seldom
taken into account.

Hydraulic actuation system is an important element of aircraft whose
performance and reliability influence its flight character and track cap-
ability directly. How to design an optimal hydraulic actuation system
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becomes bottleneck of flight control system when redundancy and fault-
tolerance are adopted in system design. This paper presents a reliability-
based collaborative design platform (RCDP) based on product database
for hydraulic actuation system whose trait is to carry out reliability
design, allocation and analysis traversing all the design process. In addi-
tion, the hierarchical decomposed multilevel optimization strategies are
utilized to achieve the more robust design including multiple disciplines
simultaneously and decrease the large computational effort. An effective
component database, engineering knowledge library and product data
management (PDM) are provided for designers to be interactive and
access them conveniently.

Based on actual commercial uni-discipline software, such as mechanical
design software Pro/E, reliability analysis software Relex, dynamic simula-
tion software ADAMS, hydraulic system analysis software AMESim, finite
element analysis software ANSYS and control software Matlab, RCDP
makes full use of various disciplines design and analysis tools to get more
reliable design results under graphical user interface, independent drive
engine, methods of rapidly integrated legacy and suitable computing envir-
onment. Herein, the knowledge and information of various disciplines
should be managed properly so as to achieve the entire optimization in
product life cycle design.

The outline of the paper is as follows. Section 2 introduces the idea and
design flow of RCDP, in which the probabilistic design, interactive interface,
multilevel optimization, data management and realization of RCDP are dis-
cussed. Section 3 provides the application of hydraulic actuation system that
indicates the effectiveness of RCDP. We present discussions and conclusions in
Section 4.

2 Reliability-based Collaborative Design Platform

An overview of the reliability-based collaborative design platform is shown
in Fig. 1 wherein reliability oriented and performance-based are considered
synchronously based on related commercial software–called RCDP.
RCDP was designed to facilitate rapid development of complex hydraulic
servo system considering reliability and achieve integrated performance
optimization.

Generally, users should be up on the design specification and requirement
when they start to design a product that depends on several condition and
constraint. RCDP provides some standard scheme in engineering knowledge
library; designers can select them to obtain their preliminary design. If the
preliminary design parameters pass the back-check in other disciplines includ-
ing reliability, we can get the final system design and generate prototype to
verify its performance. Once the all performance meet the design specification,
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RCDP provides the reliability assessment report to accomplish the complex

product design. On the other hand, users can design the product indepen-

dently with abundant component library, convenient design platform and

necessary tools if RCDP can not provide the suitable design scheme. Because

the reliability-based design method is quite different in component design and

system design, RCDP decomposes the design process of complex hydraulic

products into two levels, viz. component level and system level, in which the

probabilistic design is adopted by treating stochastic quantities as random

variables in component level and the performance-based analysis is exploited

to realize the design optimization considering reliability constraint in system

level. With the appropriate interface, it becomes possible to verify the design

variables in two different disciplines through exchanging information dyna-

mically, and model the propagation of uncertainty throughout the hierarchy

of elements that utilize the simulation-based technique to joint the relation-

ship between two levels. In the event of product design, multidisciplinary

reliability oriented is provided that consists of the following disciplines:
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mechanics (ProE), electronics (Protel), hydraulics (AMESim), cybernetics
(Matlab), dynamics (ADAMS), finite element analysis (ANSYS) and
reliability (NESSUS and Relex).

2.1 Collaborate Design Based on Probabilistic Distribution

Since the performance of complex hydraulic servo system depends upon several
disciplines which interact and conflict each other sometimes, the collaborative
design platform should support the multi-discipline design software, assemble
the subsystem with appropriate interface and manage the different kind of data
effectively. In hydraulic control system, servo valve and cylinder is typical
mechanical product whose performance depends on mechanics, dynamics and
reliability. A solution of integrated design is put forward based on Pro/E,
ANSYS, ADAMS and NESSUS, in which the 3D model is firstly designed
with CAD software package Pro/E according to static performance of hydrau-
lic servo system. Then transfer the designed geometrical parameters in *.igs
document to ANSYS to carry out the structural finite element analysis that
provides the automatic command flow recording function with generating
*.lgw document. Meanwhile, ADAMS can load the 3D model through the
*.igs file to analyze its dynamics. Considering the product parameters are not
necessarily deterministic, the reliability design software, named NESSUS, is
adopted to perform probabilistic analysis for designed structure. As a result of
command flow from ANSYS, we can get the determinate design parameters,
then select the random variable and probability density from list and establish
response function of individual parameters. Then select the random variables
and their probability density from built-in list and define the failure probability
expression with stress-intensity interference model. Herein, the response func-
tions are utilized to build the bridge of individual parameters and adaptive
importance sampling (AIS) is exploited to calculate the failure probability of
product whose sampling space is defined using a limit-state boundary. For
instance, the tensile load acting on an uniform bar (L) and the cross sectional
area of the bar (A) are assumed to be independent random variables wherein the
corresponding probability distribution function submits normal distribution as
follows:

fðLÞ ¼ 1
ffiffiffiffiffiffiffiffiffiffiffi
2p�L
p exp � 1

2

L� �L
�L

� �� �

fðAÞ ¼ 1
ffiffiffiffiffiffiffiffiffiffiffi
2p�A
p exp � 1

2

L� �A
�A

� �� � (1)

where �L; �L denote mean value and standard deviation of the variable L
respectively; �L; �L are mean value and standard deviation of the variable A
respectively.
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The force in bar is:

P ¼ fðL;AÞ ¼ L =A; fðPÞ ¼ 1
ffiffiffiffiffiffiffiffiffiffiffi
2p�P
p exp � 1

2

P� �P
�P

� �� �

�P ¼ �L = �A; �P ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

�2L
@fðL;AÞ
@L

� �2
þ�2A

@fðL;AÞ
@A

� �2
s (2)

If material strength of the bar is s and its probability density function isgðsÞ,
the failure probability of the bar can be described as:

F ¼ P ðs� P50Þ ¼ 1�
Z1

�1

f ðPÞ
Z1

s0

g ðsÞ ds

2

4

3

5 dL (3)

Select response model with user-defined as

P ¼ fðL;AÞ (4)

Let the coupling function as

z ¼ � �s � �P
ffiffiffiffiffi
�2s

p
þ �2P

(5)

Then the failure probability of product is:

Pf ¼ 1� �ðzÞ (6)

It is easy to obtain �ðzÞ through referring Normal distribution table. With
NESSUS and ANSYS, we solve the problem as follows.

Firstly, build the bar finite element model in ANSYS, and edit the command
flow *.lgw file.

Secondly, describe the problem statement in NESSUS as:

Pf ¼ P s� L50f g
P ¼ fðL;AÞ

(7)

Select the P ¼ fðL;AÞ expression’s response model as *.inp file editing from
the ANSYS fore-defined *.lgw file, thenmapping the variable parameters to the
*.inp. NESSUS controls ANSYS to calculate failure probability under updat-
ing the input parameters (viz. L and A) with the sampled values by AIS and
extracting relevant results (viz. stress) from ANSYS output *.rst file.

Finally, NESSUS can provide the statistic report. Figure 2 shows the opera-
tional principle and data flow of NESSUS.

In NESSUS, the start point of reliability design is the product failure mode
that is subjected to design parameters and failure criteria. User can select the
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probabilistic distribution from provided list for design parameters, and estab-
lish the status equation or response function to calculate the failure probability
of product. The executive process of collaborative design based on probabilistic
distribution for mechanical product with Pro/E, ANSYS and NESSUS is
shown in Fig. 3.

Figure 4 shows the main interface of RCDP, in which the design methods are
listed on the left such as component design, system design, reliability analysis
and system optimization. Users are convenient to select or design the hydraulic
product with 3D modeling based on component database and engineering
library in the middle field and add the designed component in defined format
to the database when the designed product meets all the design requirements.
Once the product design is accomplished with mechanical package or electronic
package, users can design the hydraulic system with collaborative design
method considering electronics, dynamics, cybernetics and reliability synchro-
nously. In system design, we focus on the performance-based design under
multiple disciplines, so system optimization strategy is adopted to balance the
design requirements in different fields, in which the reliability analysis is exe-
cuted in whole design process.

Since much attention has been paid to the development of procedures to
couple powerful multidisciplinary optimization techniques with probabilistic
design method, it is easy to achieve the integrated optimization solution based
on different disciplines after collaborative design. For the system design, we
adopt current state-of-art optimization that emphasizes the performance by
cooperating control performance software-Matlab with reliability analysis soft-
ware-Relex. The Relex Reliability Studio integrates a suite of reliability analysis
modules encompassing reliability prediction, Reliability Block Diagram (RBD),
Failure Mode Effect Analysis (FMEA), Fault Tree Analysis (FTA), maintain-
ability prediction, Markov Modeling and LCC. It can calculate reliable
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probability or failure probability and obtain theweak itemof the analyzed system
with appropriate algorithm. In addition, Relex can describe the system perfor-
mance degradation and repairable process dynamically, so the reliability-based
collaborative design platform can realize the reliability identification in whole
design process.

2.2 Interface Between Multidisciplinary Software

In the process of collaborative design of complex product, we obtain the design
parameters that are rooted from specific discipline, and then we may ask the
question: ‘‘Will this design perform well under other discipline?’’ To answer this
question, the convenient way is to transfer the design parameters to other
discipline software to verify its performance, which can guarantee well perfor-
mance in different discipline for designed product. Fortunately, most of the
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commercial design and analysis software have interface with other software

package so as to improve their collaboration capability. The interface makes it

possible to exchange information, access public data and realize the integrated

optimization among different disciplines. Even if there is no interface between

two packages, it is also easy to develop executable code based on input and

output application file mode. Users can export files designed by one discipline

and import it into another discipline environment to check if the designed

parameters satisfy the performance or not. Developers can create their own

‘‘relationship’’ on the basis of their design demand that makes the change of the

model easier. So it is important to obtain the well designed interaction interface

between two disciplines that can exchange data dynamically and save the

developing time effectively in complex product design. Table 1 lists the standard

interface and self-developed interface between current commercial software

packages.
Taking the Relex and Protel as an example, although both packages don’t

provide mutual programmable interface, we establish the medial files via Excel

as their bridge. User can design the electronic or electrical circuit with Protel,

and export the components list in Excel format. Then the *.xls file is standar-

dized by theMDOplatform and guided to Relex to predict its reliability (shown

in Fig. 5). It is obvious that the MDO platform is employed to reduce the

computational expenses significantly with the appropriate interface that makes

information exchanging easier.

Fig. 4 Main interface of RCDP
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Fig. 5 Medial interface between Protel and Relex

Table 1 The interface of commercial software

No. Software1 Software2 Interface Implementation

1 AMESim Matlab There are the AMERun-MATLAB interface, AMESim to
Simulink Interface, Simulink to AMESim Interface in
the AMESim suite.

2 AMESim iSIGHT AMESim can create files directly readable by iSIGHT
using the MDOL format.

3 VC Matlab Visual C++ employs Matlab as a computation engine by
Component Object Model (COM) on Windows

4 ANSYS NESSUS NESSUS employs *.log files and variable mapping to
control ANSYS to operate.

5 ANSYS iSIGHT iSIGHT imports ANSYS code as simcode.

6 VC iSIGHT iSIGHT imports *.exe as the simcode.

7 VC SQL
Server

Visual C++ accesses SQL server by Open

Database Connectivity driver (ODBC)
8 Excel Relex Relex outputs and inputs part list in *.xls file.

9 Excel Protel ProtelDXP outputs part list in the .xls file.

10 Pro/E ADAMS ADAMS can load *.igs files generated by Pro/E.

11 Pro/E ANSYS ANSYS can load *.igs files generated by Pro/E.

12 ADAMS Matlab Output * .mdl files to Matlab/Simulink

13 ADAMS iSIGHT iSIGHT imports Adams analysis code as simcode.

14 Matlab iSIGHT iSIGHT embeds Matlab into the ‘‘Insert’’ toolbar.
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2.3 Optimization Based on Hierarchical Decomposition

If hydraulic servo system is complex enough, design optimization can be

accomplished by decomposition. The system is divided into several subsystems,

and the subsystems can be divided into components and so on. Hierarchical

decomposition facilitates employing decentralized optimization approaches

that aid systems engineers to identify interactions among elements at lower

levels and to transfer this information to higher levels, and has in fact become

standard design practice, as evidenced by the organizational structure of engi-

neering companies. In RCDP, the PDM is exploited to provide user necessary

information about component and engineering experiences.
Multidisciplinary design optimization is an effective method and tool for

comprehensive engineering system design whose objective is to find the overall

optimal solution by means of the collaborative effect caused by multidiscipline

interaction and shorten the design period concurrent computation. While mul-

tidisciplinary design optimization is also faced with much challenges such as

computation complexity and difficulty of information exchange, and some

method and technology such as system decomposition, approximate analysis

and totally sensitive analysis. Recently, collaborative optimization is consid-

ered as a promising MDO method, which aims at complex system design,

distributed, multi-level optimization. Its motivation is dividing multidisciplin-

ary complex system design problem into subjects (or subsystems) design opti-

mization problems, and reducing the size of optimization problem, through

system-level constraints to coordinate sharing design variables and coupling

design variable between disciplines shown in Fig. 6.
In Fig. 6, the system consists of 3 levels, viz. level 0 (system), level 1

(subsystem) and level 2 (component). Suppose the local design parameters of

component iare rijði ¼ 1; 2; � � � n; j ¼ 1; 2; � � � niÞ in level 2, in which jmeans the

number of component. Herein the parameters ~r1; ~r2; � � � ~rq come from level 2 are

exported to level 1 to affect the subsystem design that is named shared para-

meters. If xijði ¼ 1; 2; � � �m; j ¼ 1; 2; � � � n0mÞ denote the local design parameters
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of subsystemi, the design procedure must balance both local variables and
shared variables to achieve well performance. Similarly, the system design
should consider the influence of the shared parameters of ~x1; ~x2; � � � ~xP come
from level 1 and local design parameters y1; y2; � � � yl of system. Hence, both
local design and interaction between lower level and higher level should be
integrated in product design to obtain the optimization design results under
multilevel hierarchy.

Directing to the complex product in real application, this paper presents an
optimization method in the multilevel hierarchy. The original optimization is
carried out from component viz. the lowest level to get the designed variables, in
which some of the variable values pass up to higher level as shared design
variables. In the higher level, both local design variables and shared variables
coming from lower level are considered to achieve the optimization wherein
minimize the gap between what higher-level elements ‘‘want’’ and what lower-
level elements ‘‘can’’. Through numbers of iterative optimization between the
higher-level and lower-level, we will eventually find an optimal design of the
consistency based on the state variables coupling and design variables sharing.

Suppose that i and jdenote the level and element respectively, the optimal
objective function of system can be described as:

min fð~x1; � � � ~xP; y1; � � � ylÞ (8)

Subject to

gijð~x1; � � � ; ~xP; y1; � � � ; ylÞ � 0

hijð~x1; � � � ; ~xP; y1; � � � ; ylÞ ¼ 0

�

(9)

with

xij ¼ fijðxi;1; � � � ; xin0
j
; ~r1; � � � ~rqÞ

yk ¼ fðy1; � � � ; yl; ~x1; � � � ; ~xPÞ

(

(10)

where the vectors rij; xijand ykdenote the local design variables in each level;
~r1; � � � ~rq and ~x1; � � � ~xP indicate the bi-level shared variables; gij and hij denote the
design inequality and equality constraints respectively.

In RCDP, iSIGHT is adopted to realize the multidisciplinary design optimi-
zation that can deal with the interaction among disparate disciplines and
balance the target difference to achieve the integrated optimization results.
Figure 7 shows how to balance the interaction between cybernetics (Matlab)
and hydraulics (AMESim) with iSIGHT.

Once we accomplish the design of hydraulic servo system with AMESim
according to the static and dynamic requirement, we can get the parameters of
servo valve, cylinder and displacement sensor such as flow coefficient KQ, flow-
pressure coefficient Kc and area of cylinder A. Introduce them to Matlab to get
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the system transfer function. In order to satisfy system control performance,
appropriate PID controller should be designed, in which the proportional

coefficient KP, integral coefficient KI and the differential coefficient KD can

be adjusted dynamically. If it is impossible to achieve the system performance
requirement under current hydraulic components no matter how to adjust the

PID variables, we should redesign the hydraulic component’s dynamic para-
meters with AMESim. On this condition, it is necessary to balance the design

variables in two disciplines. Herein, we select the optimization software—

iSIGHT to realize the design optimization. We select KP;KI;KD as design
variables and set the optimization of hydraulic actuator as a new analysis

task. Defining the response time as objective function and reliability as con-
straint, iSIGHT can recommend suitable algorithm to obtain the optimal

KP;KI;KD based on cybernetics. If the response time of system or reliability
can not satisfy the requirement, redesign in hydraulic discipline and cybernetics

discipline will be implemented until the integrated performance is fulfilled.
Especially, iSIGHT can run other software and launch the iteration process

automatically by assigning input parameter file, output file, simulation code
and control flow. Users are convenient to choose the CAD/CAE tools, math-

ematical and programming tools, internal developed codes and the ‘‘intelligent
design engine’’, make these tools assembly and establish the integrate analysis

process through a simple graphical interface. iSIGHT enables the data to

transfer from one tool to another in a seamless manner operation. For instance,
iSIGHT can run Pro/E with the notepad type file and run ANSYSwith the *.igs
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type file. During Pro/E running, it will automatically record every operation

step and save the command flow to a trail.txt file. iSIGHT automatically passes
on the Pro/E geometrical model to ANSYS, and reads the performance para-
meters such as the greatest stress, the maximum deformation from ANSYS
output *.rst document. The ‘‘intelligent design engine’’ has four modules:
experimental design, optimization algorithms, quality engineering methods

and approximation method that can be used individually or synthetically. For
optimization, users can adopt the optimizing plan recommended by iSIGHT
which is the most suitable for the design problem, or combine the iSIGHT
optimizing algorithm or develop internal programs to get the most reliable and
robust strategy according to the nature of the problems and professional

experience.

2.4 Data Management

Database is the center of the platform, and it is the foundation of other function
modules. According to the operational process shown in Fig. 1, RCDP is
supported by two databases, viz. the engineering knowledge database and
system component database. These two databases play very important role in
the entire design process. They not only provide useful design information to

designers but also attribute and control method of components, and new items
can be added into the database on finished design. So the databases can be
continually expanded to facilitate future design. Data can be uploaded or
downloaded between local resource library and center database by the transfer
function module of database.

Figure 8 shows the database and PDM of RCDP, in which the knowledge

database can be divided into three categories:

1. Model knowledge database – Toward some subsystems of special application,
it is easy to establish its design template whose design parameters construct
its model knowledge database.

2. Engineering design knowledge database – It is obtained based on engineering
experience of research object such as typical displacement servo system, force
servo system and velocity servo system. Such databases mainly include
knowledge of design characteristic, design sequence, design experience dur-
ing engineering design that can provide recommended primary scheme for
designer at the beginning of design process.

3. Parameters design knowledge database – This database includes knowledge
of interactive parameters and scopes of design parameters. Such database
will provide basis to multidisciplinary design parameters optimization.

In the beginning of new product design, the designers are accustomed to
consult the similar product design. If there is ready-made design inRCDP, users
may generally select a specific scheme by the aid of engineering database
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according to the design requirement. Otherwise, the designers have to follow the

reliability-based design process to realize the multidisciplinary design optimiza-

tion. In this case, the system will be divided into subsystems by the appropriate

reliability allocation, and then the collaborative design based on component

database is carried out. After verifying the performance and reliability, the new

successful design application can be accessed into database with standard data

format.
The function of PDM is to manage the product database and product R&D.

Collaborative design platform can take advantage of powerful data integration

and management capabilities to achieve effective management to design activ-

ities which including workflow simulation, simulation dedicated database and

model libraries, design files. PDM system is the best CAD/CAPP/CAM inte-

gration platform, which helps a team or an enterprise to achieve information

integration, process integration and functional integration in heterogeneous

and distributed computing environment. InRCDP, SQL Server 2000 is adopted

to integrate and manage the different defined data that can interactive transfer

with data accessing technology. Table 2 shows the function parameters descrip-

tion in RCDP.

Table 2 The function parameters description

No. Character name Data type Description

1 ParaId int Parameter number, PK

2 EngId int Engineering number, FK

3 ParaName Varchar 20 Parameter/component/scheme name

4 ParaValue decimal Parameter value

5 PartNo int Component number (FK)

6 ParaImage image Graphical value

7 ParaType Varchar 20 Parameter type: system, structure and reliability

8 ParaDescribe Varchar 20 Parameter/component/scheme name
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2.5 Realization of RCDP

Aimed at the characteristics of hydraulic servo system, a solution of integrated

design architecture is put forward aforementioned, which is multidiscipline

oriented and hierarchy. The collaborative design and simulation of all dis-

ciplines is performed concurrently whose results are transferred into the

unified PDM database for future applying. While some tools provide the

interfaces for collaborative simulation listed in Table 1, it is convenient to

check whether the shared variables which are determined by the uni-discipline

satisfy with the requirement in the other disciplines or not. So the integrated

optimization should be executed to guarantee the optimal performance and

reliability.
RCDP is designed based on VC++ 6.0 and SQL Server 2000, which can

carry out distributed collaborative design including mechanical design,

electronic design, reliability design, hydraulic design, control design and

unified data management. Herein, iSIGHT plays an important role in

collaborative integrated design with graphical interface and convenient

assembly. Figure 9 shows the integrated software, data standard and

operation principle wherein STEP standard is adopted in collaborative

design platform.

Fig. 9 The data standard of RCDP
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3 Application of Hydraulic Actuation System

Hydraulic actuation system (HAS) is a hydraulic displacement control system
that can manipulate the rudder according to the flight profile. To design this
kind of system, the designers will use many disciplines knowledge such as
mechanistic, kinematics, dynamics, cybernetics, hydraulics and reliability.
Figure 10 shows the structure of hydraulic actuator whose design requirement
is listed in Table 3.

With RCDP, the designer can design HAS according to the Pro/E-
>ANSYS->NESSUS sequence by aid of the component database and engi-
neering database as shown in Table 4. The dimension model of actuation is
shown in Fig. 11.

After finishing the components design we will enter the stage of system
design. After deduction we can get the transfer function of HAS:

GðsÞ ¼ KV

s s2

!2
h

þ 2�h
!h

sþ 1
� 	 (11)

where KV ¼ KAKsKqKf=A is the gain coefficient; Ka means amplifiers coeffi-
cient;Kf denotes feedback coefficient;Ks expresses coefficient of servo valve;Kq

shows the flow coefficient of servo valve; !h and �h are inherent frequency and
damping of dynamical structure respectively.

Hydraulic Actuation System

Hydraulic Power

Servo Valve

Sensor

+

–

Instruction

Input
Signal

Signal
Adjust

Fig. 10 Structure diagram of hydraulic actuation system

Table 3 Design requirement of hydraulic actuation

Number Meanings Symbol Design requirement

1 load F 294000 N

2 pressure P 7 MPa

3 distance S 0.1m

4 velocity V 0.12m/s

5 reliability R(t) 0.999
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Firstly, we will define the variables to be design and optimize. Let X1 is
Ka;X2 is Kf;X3;X4;X5 are PID controller coefficient Kp;Ki;Kd respectively,
X6 expresses piston external diameter, X7 is piston internal diameter, X8

indicates load force and X9denotes hydraulic cylinder material strength �.
Herein, X6;X7;X8 are sharing design parameters which participate in the
two-subsystem design optimization process.

Secondly define the objective function of HAS as:

Rise time Tr50:05s

Amplitude Margin46dB

�

(12)

Constraint:

Table 4 List of components

Code No. Name View Reliability

ZDQ0603001 piston 0.99987

ZDQ0603002 earring 0.99988

ZDQ0603003 sleeve 0.99991

ZDQ0603004 seal 0.99999

ZDQ0603005 seal 0.99999

ZDQ0603006 bearing 0.99999

ZDQ0603007 bearing 0.99999

Fig. 11 Dimension model of actuator
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reliability40:9999

130 � X1 � 150

1 � X2 � 1:2

6:5 � X3 � 7

8 � X4 � 12

2 � X5 � 2:5

0:1 � X6 � 0:3

0:01 � X7 � 0:15

8
>>>>>>>>>>>>><

>>>>>>>>>>>>>:

(13)

With reliability-based collaborative design and hierarchy optimization, we

can get the optimal values listed in Table 5.

After optimization, we can obtain the system step response and bode chart of
open-loop curves as shown in Fig. 12.

At the same time, we can obtain the fault tree of HAS and provide the
reliability prediction shown in Fig. 13.

With the computation algorithm, we can get the reliability of HAS is
0.999999933 in 10 hour that not only satisfies the design requirement but also
approaches the real condition.

4 Summary and Conclusion

This paper presents a reliability-based collaborative design platform based on
corresponding commercial software and appropriate interface, in which the
design optimization of hierarchically decomposed multilevel systems is carried
out under uncertainty. We extended the deterministic formulation of product
design to account for uncertainties with structural reliability design software—

Table 5 Optimizaition results of HAS

Parameter Min value Max value Step Result of optimization Unit

X1 130 150 0.5 149.5

X2 1.00 1.20 0.01 1.12

X3 6.5000 7.0000 0.0005 6.8555

X4 8.0000 12.0000 0.0005 10.0000

X5 2.0000 2.5000 0.0005 2.4065

X6 0.10 0.30 0.01 0.16 m

X7 0.01 0.15 0.01 0.08 m

X8 294000 N

X9 280 MPa
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NESSUS, in which designer can select the probabilistic distribution according

to the product characteristics. We adopt inherent interface or develop the

medial file as interface between two packages that builds the bridge connecting

the interdisciplinary interaction and makes it easy to achieve integrated opti-

mization among multiple disciplines. In addition, we modeled the propagation

of uncertainty with shared parameters and run the software in given variable

domain iteratively with intelligent design engine of iSIGHT. With local

Fig. 12 Step response of system
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variables and bi-level shared variables, the performance-based design optimiza-
tion can realize. Finally, the reliability analysis with Relex is carried out to

assess the system reliability, maintainability and availability to guarantee the
integrated performance optimization.

The following issues deserve special attention:

1. Exploiting the reliability-based collaborative design method to design a
complex product can fully consider the interaction among different disci-
plines and achieve performance-based integrated optimization.

2. Making the most of the inherent interface or provided medial files in RCDP
can facilitate designer to obtain the performance verification of other dis-
cipline and achieve the interdisciplinary design optimization.

3. Effective database and PDM can reduce the developing period and make the
designer easy to obtain the reliable, robust and best design scheme.

Application of HAS indicates that RCDP can improve the design effective-
ness, shorten the development period, economize designing resource and
achieve the reliability evaluation.

Acknowledgments Thank the support of Chinese Education Ministry Program 985�, Pro-
gram of Introducing Talents of Discipline to Universities and Program for New Century
Excellent Talents in university (NCET), Program of Introducing Talents of Discipline to
University (‘‘Program 111’’) and Beijing Teaching Innovation Program.

Fig. 13 Fault tree of HAS
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The 4+1 Dynamic Management System

of Lifecycle

Junichi Yagi and Eiji Arai

Abstract The life cycle management of a complex product like a constructed
product needs to reconsider its engineering framework. The recent development
of science, specifically physical and brain research provides us with an ingenious
clue. The virtual control of time is now within our scope. This manuscript
suggests its possible engineering implementation.

Keywords Lifecycle management � Virtual time machine � Sensor network �
Unification of parts and packets � Complexity of system

1 Introduction

Control of construction process must deal with a bulk of scheduling elements
that are produced by multiple heterogeneous players, contractors, sub-contrac-
tors, and parts makers. Their scheduling elements are necessarily intermingled
and linked with each other. The whole schedule is managed and adjusted as one
giant flow of processes. One small change in a tiny part of the whole schedule
may possibly propagate its influence into the whole. Every such complex system
which is non-linearly linked often shows some chaotic behavior, and at worst
leads to a catastrophe. Upon this peculiar condition, construction process
management is conducted on site holistically at every moment from the com-
mencement and completion of a construction project. There are varieties of
causes that force scheduling change. It is of critical issue when a signal of change
is dispatched within a complex system. If timing gets lost, disastrous conse-
quence may result with severe cost loss. It is also critical where a change occurs
among multiple players, as well as what happens.

Two to three million parts needed for a building, depending on how to count,
and yet the vast bulk of construction parts should be registered somehow in a
database, if the entire lifecycle management of a constructed product should
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ever be achieved. Parts comparability with this parts-level information retrieval
will make possible replacement of parts in a building to its full extent, even
perhaps structural modules, not to mention replace of the infill. It will even-
tually erase the current dichotomy between renovation and newly-build in its
entirety.

The lifecycle of constructed products is quite lengthy, thirty years or longer.
The construction parts have various lengths of life-span, or different clocks,
days to years or to decades. So, the constructed products have temporal
hierarchies in addition to structural hierarchies. However, compared to con-
struction stage where the construction environment is dynamically changing
within a rather compact period, the time flows much slower at the operational
stage, gradually decaying and reaching to the point of threshold.

A proper engineering decision making is expected to be quite hard for the
lifecycle management of any constructed product of high complexity with quite
distinct characteristics over stages. This manuscript tries to suggest how to
attack this non-trivial issue.

2 Physical Background

The lifecycle of housing begins with construction by assembly of a bulk of
building components from bolts and nuts to a large span of columns and
beams. The resulted product is a complex physical hierarchy of hierarchies of
components, exerting directly or indirectly characteristic influences upon
other components both within and across the hierarchies, some stronger and
some weaker. Truly, it is tried in design to minimize couplings among the
hierarchies and between components within a hierarchy. Such architectural
effort is typically exemplified by modular construction, which joins structu-
rally and functionally modules with modules but not with the constituent
components within a module. The modules are encapsulated and relatively
independent so that they interact through a rather small ‘‘window’’ of inter-
action at their surface envelope.Much effort is extended along the same line to
decomposing of skeleton and infill, where structural skeleton like beams and
columns detach functionally from interior settings like equipments and fix-
tures so much as it becomes possible to replace the interior modules, while
keeping the structural skeleton intact. It seems very reasonable to keep the
skeleton in use longer, for the skeletons have longer clock for their lifecycle
compared to the infill. Keeping the skeleton longer fits the purpose of saving
energy and resources.

However, it is hardly believed that the modular independence remains
intact at the second stage of inhabitation or living stage, much longer period
for lifecycle, where the decaying process proceeds with full of interactions by
operations, human or otherwise. Such complex system often renders pro-
gressive deterioration in dissipation so that the modular independence will
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be eroded away, and the essential interdependence among hierarchies and

components becomes dominant to determine the fate of the system for the

rest of the lifecycle. It may be said the second stage of living or operation is a
phase of ‘‘melting pot’’ of interactions. The flow overshadows the rigidity of

structures.
It is therefore not so appropriate to hold a presupposition of classical

mechanics of rigid body for consideration of dynamic transformation of the
complex system throughout lifecycle. It is true at construction stage most of

design follows the classical mechanics of rigid body. Some of structural
analyses already goes beyond it and employs nonlinear model for fracture

analysis of concrete, the coupling between the upper structure of building

and earth soil, not to mention the analysis of seismic or wind effects upon
building. It must go beyond further for modeling the dynamic flow of the

system transformations. Eddington’s argument (1958) [1] is quite suggestive

in that regard. Eddington, who argued that, in a purely algebraic approach
to physical phenomena, there are elements of existence defined not in terms

of some hazy metaphysical concept of existence, but rather that existence is

represented by an idempotent in the underlying algebra of transformations.
He suggested the physical phenomena are not so much as they exist but that

they persist. They persist not in the sense that they are static, but rather that
they continually transform into themselves (idempotent p*p= p, when it acts

on itself, it remains itself or it persists) [2]. Physical phenomena should be

viewed as relatively persistent phenomena under the underlying algebra of
ceaseless transformations. This view gives us much better representation of

the reality that nothing constructed is immune from transforming into other

states or decaying. Changing is more basic than existing (or persisting,
saying properly).

The temporal order of movement is thus the primary concern as long as the

management of lifecycle is at issue. However, a real management project of
lifecycle cannot be represented solely by the parametric time, for it consists of

series of engineering decisions for all sorts of ‘‘this or that’’; this event or that

event, this sequence or that sequence. At every moment of decision, all the
engineering potentials or possibilities must be activated as alternative choices

and references [3], [4]. Two streams of activities in the form of potentials then

flow into the current activity at present, one from the past and the other from
the future. Two streams get convoluted and interacted at present, bounce

around their possible ways of engineering settlement, and then come to a
final settlement for their optimal or better mixture in the end. Thus the

whole of engineering potentials is transformed into a unique event at present

or decision now. Hiley (2000) [5], who provided an algebraic interpretation for
Bohm’s implicate order, gave a very suggestive and vivid metaphor for this

account;

The movement of a symphony involves a total ordering which involves the whole
movement, past and anticipated, at any movement. We hear new notes reverberating
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within the memory of the previous notes. This together with the anticipation of future
notes constitutes an unbroken movement. We comprehend movement in terms of a
series of inter-penetrating, intermingling elements of different degrees of enfoldment all
present together.

The last line in italic is particularly important to make proper engineering
decision, that is, to regress freely back to any point of time in the past,
anticipate the world paths to future, and return back to the current engineer-
ing work at present. It is the issue dealt in this manuscript how to implement
this mechanism in engineering decision making throughout the lifecycle of
engineered products.

3 4+1 Dynamic Mangement of Lifecycle

3.1 Introduction

An engineering decision making faces a series of opposite alternatives for
choice, seemingly equally valid, from which it is forced to choose one, often-
times under severe contention which way to gomay lead to possibly far different
consequences or distinct patterns of consequences. It is the norm for decision
making for lifecycle management, rather than otherwise, to make a choice out
of multiple alternatives. We confront with burning potential of opposites
almost at every critical decision point– to the left or to the right, up or down
metaphorically, A or �A, speaking most generically, where both opposites
coexist in the acting potential (Whitehead, 1978 [6]), and both are rushing
toward realization but neither yet are chosen.

The primary requirement for lifecycle management is therefore to engineer
an adequate mechanism to make a proper choice among ordered information
represented by the spontaneous symmetry breaks of potentials in result of
interaction with the engineering environment or boundary conditions. It is no
less than to engineer the convolution of two streams of information flow, one
from the past and the other from the future, interpenetrating two temporal
phases, freely coming-and-going between them, and eventual settlement at
present with a focused image mirroring the past and future.

The etymology of the word, ubiquitous goes back to Latin, ubiqu- every-
where + itas– ity, meaning ‘‘Being or seeming to be everywhere at the same
time; omnipresent’’. The stem of the word, ubiqu refers to everywhere in space
at present or omnipresent in that regard. It is not ‘‘omnitempo’’, lacking of the
meaning, ‘‘every time, anytime’’. The National Institute of Advanced Indus-
trial Science and Technology (AIST), Japan’s largest public research organi-
zation began a project, called ‘‘Virtual Time Machine’’ [7] project, which tries
to extend the ubiquitous technology to the ‘‘omnitempo’’ technology that
covers real-time sensing, pattern recognition, data mining, behavior mining,
active tag, active database, the world simulation for possible scenarios, world
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storage, and virtual temporal transportation (Fig. 1). It is an ambitious

engineering project indeed, but not so much ambitious as Hawiking’s real

time machine, whose probability of realization he figures 10 to the minus

power of 10 to the power of 60 [8].
The world storage may have a storage capacity as large as petabytes (10 to

the power of 15 bytes), which stores multimedia information captured from

active sensor networks (Google uses two to three petabytes for indexed infor-

mation worldwide in total). The network nodes are constituted of various

sensor devices and tags. The key technologies (Fig. 2) are (1) data and behavior

mining; monitoring and analysis of large amount data through sensing devices

and extraction of hidden behavioral intents or meaning from a bulk of data,

(2) temporal human interface; to contract or stretch time, realizing free walk-

through in time, moving forward and moving backward, (3) possible worlds

simulation; to simulate various world paths, future consequences or scenarios

enacted by current choices to be made with enabling technologies; genetic

algorithm, vision technology for flow line, sound spectrograph, robust sound

recognition, information storing in 4D virtual space, volume graphic cluster,

ultra-sonic sensing for human movement, Bayesian network, grid technology,

multi-agent simulation, ubiquitous agents, automatic generation of tags, mag-

neto resistive random access memory.
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Fig. 1 Virtual time machine (Report on Virtual Time Machine by National Institute of
Advanced Industrial Science and Technology, 2004)
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3.2 Requirements

One of the basic requirements for management technology for ‘‘living’’ stage of

inhabitation is to retrieve freely the needed information of architectural com-

ponents from the past archive which contains history of change in attributes of

the components and structures. Then automatically or semi-automatically

reconstituted is the whole 3D design, which faithfully represents the current

architecture of complex structures.
The causal chain among the functional requirements, physical system beha-

viors, and human behaviors is shown at Fig. 3. The horizontal box represents

the living stage, where the physical system environment interacts with inhabi-

tants continually throughout lifecycle. The vertical box represents the construc-

tion stage, where the inhabitants’ requirements determine the housing

functionality. It must be noted that the construction stage includes continual

retrofit, re-make, and repairing long after newly built. Maintenance and

upgrading of the physical system must be considered as critical activities for

the lifecycle management. The horizontal and vertical boxes are the view of the

same lifecycle process from different perspectives; the former represents the

challenges imposed by change in the relation between human and physical

World VTM
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Real Time Sensing

Active sensor network

Ubiquitous network

World Model

Data Compression

Super speed Grid Technology

Behavior Mining

monitoring and analysis of large 
amount data of people and society

extraction of hidden behavioral 
intents from a bulk of data

[Sensing Archive + Data Mining]

Possible World Simulation

simulation of possible 
consequences or scenarios enacted 
by social or personal choices

[Simulation + Data Mining]

Temporal Human Interface

temporal compression, extraction, 
move forward, move backward

creation via continual dialogs with 
the doubles in the past and in future

[Hyper Interaction with Time]

Fig. 2 Virtual time machine structure (Report on Virtual TimeMachine byNational Institute
of Advanced Industrial Science and Technology, 2004)
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environment, and the latter represents the counter-acts against the engineering
challenges encountered during the lifecycle.

3.3 4+1 Adaptable System of Lifecycle Management

The 4+1 adaptable system of lifecycle management is a housing version of
AIST’s virtual time machine or ‘‘omnitempo’’ engineering. It is an engineering
response to science, Eddinton’s algebraic interpretation of physics, and Hiley’s
ingenious view of physical orders, and temporal order in particular, mentioned
at Section 2. In order to complete our response, our list of research tasks is
presented below;

1. Parts oriented construction with hierarchical system of components covered
by distributed network of multi sensors, radio frequency identification tags,
RT middleware and super micro central processing unit, micro-actuators,
and long-lasting battery in addition.

2. Updated reformulation of architectural design via data acquainted by
sensors.

3. Design technology for easy-to-recyclable parts and structure.
4. Open supply chain of replacing parts.
5. Behavior mining, data mining, potential simulation, temporal human inter-

face of transportation.
6. Evaluation of maintenance and upgrading.

The 4+1 adaptable system is structured by four functional spaces and the
axis of temporal sequences as depicted at Fig. 4. The former constitutes four
functional spaces categorized by their characteristic functions: (1) self-descrip-
tive functional space, (2) self-sensing functional space, (3) self-searching

Fig. 3 The causal chain among the functional requirements, physical system behaviors and
human behaviors
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functional space, and (4) self-imaging over history functional space. The latter
of ‘‘+1’’ part is temporal integration of four functional spaces by circulating
four functional spaces in order of self-descriptive, self-sensing, self-searching,
and self-imaging over history.

Each categorical component of the 4+1 system will be described below in
order.

1. Self-descriptive
When a new component is introduced into the existing complex hierarch-

ical structure, the newly built-in component describes its own spatial and
temporal position within the hierarchy on its own, such as its subservient
spatial order for assembly and temporal order of durable period. The self-
filing mechanism can be realized by plug and play mechanism of radio
frequency identification tags attached to components over the tag network
which covers everywhere in the architectural system. Tags may contain
physical properties such as material property, stress characteristics and
distribution, archival manufacturing record, quality information, product
specification in addition to spatial and temporal characteristics.

2. Self-sensing
The tag network is superposed by the sensor network, most of whose

nodes are embedded on tags with various sensing devices for temperature,
moisture, ultra red, acceleration, wind loading, strain measuring, sound
loading, light intensity, smoke, olfactronics, electro-magnetic and other

Fig. 4 The 4+1 adaptable system of lifecycle management
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sensors currently available or available in the future. Their position is either
static or movable within the network distributed over the whole hierarchies.
The sensor nodes function in either static or reactive mode. They function
either in individual mode or in collective mode, where the latter may make a
target object having hybrid sensing characteristics detectable with better
precision. A house thus becomes a sensing house device with sensory nerves.
It is not just sensing, but activating a series of proper events in reactive mode.
For an example the skeleton is exposed by various loadings such as seismic,
moisture, wind, light and other relevant loads constantly over lifecycle,
whose unavoidable consequence is its aged deterioration. When the sensor
network detects the accumulated loads beyond its threshold, extracting
needed information from the central database, it activates an event of warn-
ing locally. Some of sensor nodes may not be activated always, they may be
in sleeping mode and activated only when some events detected by other
nodes. Or some sub-network of sensor nodes may even be detached from the
whole network temporally, and works locally as an independent network.

3. Self-searching
The tag nodes are either passive or active tags. When a relevant tag is

positioned deep in the hierarchies, it becomes difficult to retrieve necessary
information from the tag. The electro-magnetic wave detection device on
tags is installed and then the hiding tags can be accessed as star dusts in the
sky can be detected in the same manner. Micro-robots play a role of supple-
mental detection for the shielded tags, which loiter around the network now
and then. Or let hiding tags establish peer to peer communication with
neighboring tags, and relay the contained information.

4. Self-imaging over history (memory)
Terabytes hard disks are already commercially available, and petabyte (10

to the power of 15), exabyte (10 to 18) will soon be available. AIST’s
conception of ‘‘world storage’’ is no longer imaginary. Sensed data via the
sensor network will be stored piles by piles over time in even a single hard
disk. Scenario-based potential simulation, temporal transportation from the
past to future, and the other way around, behavior mining, data mining, and
pattern recognition are all made possible by the world storage. Memories are
prerequisite and basis for consciousness, which is produced by pattern
matching current sensory input with memories as in our brain [9, 10]. The
world storage is not just reservoir for electric contents like texts, images,
sounds, movies, patterns, but also computation mechanism is attached to
each data point whose value change activates events over some thresholds
and propagates signals through the whole network.

5. Self-awareness (+1: self-dialog over time)
A proper engineering decision can bemade when one can freely access to the

entire history, basing on which one can simulate the future consequences. The
patternmatching to the past data produces engineering awareness. It is not once
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for all activity, but recursive dialogwith the story of the past and future [11]. It is
something like continual communication with its own double in the past and
future, which immediately recalls Bohm’s self-recursive mirroring loops of the
spontaneous and unrestricted act of ‘‘lifting into attention’’ [12]. The technology
needed to realize the free self-dialog over time is a control mechanism of
compression, expansion, backward-flow, forward-flow of time, and creation
and sharing of time axis at will in a virtual world of space-time.

4 Experiments

4.1 Introduction

The lifecycle of a construction project consists of three phases, design phase,
construction phase, and maintenance phase as depicted at Fig. 5. The stake-
holders change their roles as the phase proceeds; the main players at design
stage are owners and designers, at construction stage, they are general contrac-
tors and traders, and at maintenance phase they are users and facility managers.
The holders of architectural documentations also change, as the stakeholders
change. The architectural models also change as they do. It is imperative to
develop an engineering mechanism to share the disintegrated information for
the lifecycle management.

3
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Detail Design Stage
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Owner Designer

General Contractors Sub contractors

Construction Stage

Operation Stage

Maintenance Stage

Product Model

Process Model
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Fig. 5 The lifecycle of an architectural product
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Some in-situ experiments are conducted, one at construction phase (Sec-
tion 4.2), and another at maintenance or operation stage (Section 4.3) along
the line of the afore-mentioned views developed at the previous sections.
Various types of disturbance factor exist for the architectural lifecycle man-
agement. It is difficult to manage related information by using conventional
model. A new concept of ‘‘Parts and Packets unified architecture’’ [13] is
proposed. Data as information packets related to parts are carried by parts
themselves and can be handled to manage whole system of the hierarchies of
parts. It is integration of ‘‘parts and packets’’ with a control mechanism of
their dynamic flow throughout a perplexedly complex network of product
lifecycle in construction. It is a unified controller system which operates
parts and packets together.

Both experiments focus on the issue how to obtain the necessary information
from the architectural components and parts, and how to use this information for
construction andmaintenance respectively. The samemechanism is employed for
both cases, using IC tags, sensor network, active database, 3D CAD representa-
tion and work-through, RT middleware for the network operation.

4.2 Construction Phase

Construction is surely production activity, but is better characterized as project-
type production, defined as ‘‘a course of concerted actions intended to achieve
some chosen purpose for production, within a given period of time, under some
given constraints on available resource (man-power, material, and money), and
with responsibility for sustainment of environment’’. It is therefore of critical
importance to allocate production activities properly according to the well-
planned process model and scheduling. It is, however, more indispensable to
adjust the pre-assigned model and scheduling dynamically to the continually
changing production conditions and environment to concert the needed
actions. It is of primary concern for a project type production how to achieve
the dynamic equilibrium at every stage from the commencement of the project
to its completion which makes possible concerting the needed actions. The
combination of radio frequency identification and active database (or glue
logic) may open up promising that they might provide the mechanism which
achieves the required dynamic equilibrium for construction activity without
hindrance or halt of production at worst.

The dynamic nature of construction activities is exemplified at Fig. 6.
The in-situ experiment of construction control is conducted at some con-

struction site of a residential building of nine floors located in Tokyo. For the
construction site is located in a dense area of a town, the control room is located
at a room in a nearby hotel, 75 m away from the construction site. The
construction process is thus remotely monitored and controlled. The oriented
antennas set at both site and control room establish wireless connection
between them. The experimental settings are depicted at Fig. 7. Two types of
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IC tags are distributed on each construction floor as depicted at Fig. 8; one type
is fixed at each room for identification of location, and the other is tag attached
to each component (window sash) as control target.

Once parts are manufactured, chip-implanted parts are shipped to a con-
struction site, assembled, and installed on site. Despite that the parts are
dislocated spatially as well as temporally, or are reconfigured in succession as
they become more integral part of a building under construction, simple act of
reading the product URL on tag triggers to change the attributes of these parts
in the data management system of active database. As the parts’ attributes are
changed, they autonomously trigger to send messages to the pre-assigned
addresses with a simple logic attached to each data point. Every data point
therefore contains attribute, simple logic, and address. Millions of data points
are passing information each other. This very bulk of acts of passing and
receiving change the state of the whole data base, dynamically. Hence the
data base collectively behaves like an autonomous giant controller as well as
self-renewing data repository. Figure 9 shows the real time control for progress
of construction by this mechanism from manufacturing thru shipping to instal-
lation on site.

room tag

parts tag

Fig. 8 Distribution of tags on construction floor
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4.3 Maintenance Phase

The experiment for the operation stage is conducted at a warehouse of wines of

repute, located at Tokyo bay water-front. The temperature and moisture con-

trol is critical for the warehouse to keep the quality of wine intact. A sensor for

temperature and moisture is installed on IC tags of active type (Fig. 10) devel-

oped by AIST [14]. Some special IC tag is developed, which uses very weak

radio wave for communication to save battery. The I/O port is secured by 4 bit

on the tag, to which a sensor module is connected. The used sensor is shown at

Fig. 11 with specification.

Fig. 9 Progress control of components installation

Fig. 10 Active IC tag module
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The configuration of the installed network is shown at Fig. 12. Several

wireless access points are set up, one wireless LAN server station with three

wireless relay stations. The sensor installed tags distributed in a part of the

warehouse communicate with the relay stations via faint radio wave.
The monitoring of temperature and moisture is conducted for two weeks at

the warehouse, whose typical results are shown at Fig.13.

Fig. 11 Sensor module for temperature and moisture

Fig. 12 Network configuration
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5 Conclusion

The 4+1 adaptable system of lifecycle management is an engineering response

to scientific knowledge obtained by the recent development of physics and brain

research which suggest that a proper engineering decision can be made by

recursive dialog with the story of the past, something like continual commu-

nication with its own double in the past, or like Bohm’s self-recursive mirroring

loops of the spontaneous and unrestricted act of ‘‘lifting into attention’’. The

free self-dialog mechanism over time must be engineered. A control mechanism

of compression, expansion, backward-flow, and forward-flow of time, and

creation and sharing of time axis at will in a virtual world is the basis for the

necessary engineering dialog with the past experience as well as its mirroring

image in the future, potential world simulation.
Some in-situ experiments are conducted from the views above mentioned.

Various types of disturbance factors and difficulty of decision makings exist for

the lifecycle management. ‘‘Parts and Packets unified architecture’’ is proposed

to open a way toward the solution. Data as information packets related to parts

are carried by parts themselves and can be handled to manage whole system of

the hierarchies of parts. It is integration of ‘‘parts and packets’’ with a control

mechanism of their dynamic flow throughout a perplexedly complex network of

product lifecycle. It is a unified controller system which operates parts and

packets together.
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Abstract Product Life-cycle Management (PLM) is a wide research issue
exploring the information and knowledge in the entire product lifecycle to
improve and increase innovation for a given product. The management of the
information and knowledge related to the whole life cycle is supported by
different Knowledge Management tools such as Product Data Management
(PDM) and Expert Systems. PLM receives support from PDM systems in the
many activities of the lifecycle from product design and creation, through
dissemination and after sales services, up to product dismissal and recycling.
Besides PDM systems, there are other knowledge management tools which
haven’t been integrated into the PLM. A particular shortcoming to integrate
tools and techniques for the design process within a PLM environment is the
lack of a PLM tools taxonomy. This paper presents a new PLM tools taxonomy
to support product realisation process

Keywords PLM tools � PLM taxonomy � PDM systems integration �
Engineering Design � Expert systems

1 Introduction

Product Life-cycle Management (PLM) is a research area adopted by compa-
nies, which can drive the life of a product by integrating their information,
knowledge, individuals, activities and software. The stages that a product
undergoes through its life are basically development, production, market activ-
ities, use, maintenance and disuse. Many authors and companies have defined
their own phases, but there is a general agreement that products are designed,
manufactured, distributed, sold and used; most of them are maintained, and
they are disposed or recycled when they need to be retired.
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The whole life cycle of a product is usually very long. This causes
a disagreement regarding the PLM definition, its stages and the tools it
comprises [1]. It also makes it too broad for a single tool to include all the
capabilities it requires which in turn causes a lack of integration among
several tools used throughout the PLM stages. Therefore, the product’s
knowledge, which most of the time comes in disparate formats, is not
always shared among its life-cycle [2]. For instance, there is no standard
regarding Computer Aided Design (CAD) formats, and the technology to
migrate from one format to another only handles geometry representations
of the product (Bill Of Materials are being included already but there is no
standard either).

The aim of this paper is to present some types of PLM tools that support
the engineering design stage in a PLM environment using a PLM tool
taxonomy.

2 PLM Definition, and Its Stages

2.1 Literature Survey of the PLM Concept

The concept of Product Life Cycle (PLC) has been addressed since the 1950s [3]
or 1960s [4]. However, it must be stated that there is a difference between PLC
and PLM, and that there are two points of view for the stages comprised in the
life cycle of a product. Some authors consider it as the different profit and sale
levels that a product has through its life. In this case, a product’s time in the
market is divided into introduction, growth, maturity and decline [5], [6]. This
concept is much older than the actual PLM, but is still used in the production,
sales and marketing niches. Researchers in this area use it to increase the
revenues by predicting the market behaviour, and taking actions towards
these predictions.

On the other hand, PLM intends to increase innovation [1], reduce errors [7]
and be more competitive [8]. One of the first public attempts to define PLMwas
in the late 80s by Konstantinov [9]. His work was situated in the design manage-
ment area, and as it would be expected, the conception of PLM has changed
since then.

There are many researchers working in the PLMarea. This situation has lead
to the proliferation of many representations and definitions of PLM stages.
Besides, they increase due to the fact that each ‘‘company will have to develop a
life-cycle concept for its products’’[10]. However, an agreement can be found
about the underlying concepts in most cases.

Table 1 presents a summary of the different stages conceptualized by several
representative authors. Alting’s work [11] was selected for being a seminal
source. The definitions provided by Aca [12] and Guerra et al. [13] are an
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example of the evolution of the PLM concepts. Kovács et al. [8] dissect their
representation to facilitate the identification of most subprocesses included in
the life cycle. Grieves [14] is a representative author in the industrial sector for
the PLM area. Stark [15] provides a condensed representation, comprehensive
definitions and several points of view of the PLC concept. A list of PLM
definitions is provided in the appendix.

Table 1 presents the PLC definitions by many authors. Aca’s work [12] is
partly based in Alting’s [11], and provides another cycle which is divided
into two major classifications: engineering and supply. These have three
stages respectively. Based on his work, Guerra et al. [13] add an ideation
stage at the beginning of the cycle. Similarly, Kovács et al. [8] propose an
engineering stage subclassified into product design, process planning and
factory planning. They also present two other stages with subclassifica-
tions: support activities chain and operations chain. These three stages are
parallel. Grieves [14] proposes seven stages which are shown. In turn, Stark
presents different points of view about the life cycle, including the user and
manufacturer perspectives. The table shows a condensed version of these
two.

In the following sections, these concepts will be used in an attempt to provide
an integrative and more general definition of the PLC, which is depicted in
Fig. 1

Table 1 Representative PLC representations (Adapted from [8], [11], [12], [13], [14] and [15])
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2.2 Relationship Between Concurrent Engineering and PLM:
The Development Stage

A look into the early stages of the PLC shows that product design and product
development are interpreted differently bymany authors. According to Suh [16] ,
design is ‘‘an interplay between what we want to achieve and how we want to
achieve it’’. He states that every designer follows these tasks: (1) know or
understand their customer’s needs, (2) define the problem they must solve to
satisfy the needs, (3) conceptualize the solution through synthesis, (4) perform
analysis to optimize the proposed solution, and (5) check the resulting design
solution to see if it meets the original customer needs. Likewise, Aspelund [17]
says that ‘‘design is a plan of action, created in response to a situation or
problem that needs solving.’’ In his opinion, there are seven stages in the design
process: conceptualization, exploration/refinement, definition/modeling, com-
munication and production. In this case, production is referred not as mass-
production, but to prototypes or single pieces. Conversely, development, as it is
defined by Otto and Wood [18] and Aca [12], include both design and manu-
facturing plans.

As it is depicted in Table 1, Alting [11] specifies that the development work
normally begins based on an assessment of a need recognized in the market [10].
In his definition of Product Development, Aca describes four subactivities
called Conceptualization, Basic Development, Advanced Development and
Launching, where Basic Development includes the gathering of customer
requirements information [12]. Guerra et al. [13] mention the ideation stage
and keep the market requirements given by Aca within Product Development
[19]. Grieves also takes into consideration that there is a need prior to the formal
definition of the product [14]. Finally, Stark mentions the previous existence of
a ‘‘dream in someone’s head’’ [15] which is later concretized.

In a PLM environment, the development stage should comprise a holistic
view of the whole PLC [1]. Concurrent Engineering (CE) fits and is used in this
phase, because its focus is on the integrated design of products, and its goal is

Fig. 1 Stages of PLM
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that outset developers consider all elements of the product life-cycle [20]. CE
intends to prevent adverse choices regarding a product by bringing together
different disciplines such as product design, manufacturing, procurement,
maintenance and marketing [21, 22]. The collaborative design of a product
and its manufacturing processes needs information on product features, man-
ufacture, services and costumer requirements while the design is simultaneously
going on [23]. This information includes part and plant layouts, designs and
manufacturing rules, as well as any other useful information for the product
life-cycle [23].

Note, however, that CE only happens at the development stage of the PLC.
For example, it doesn’t comprise the actual production, but its planning and
design. In other words, the only physical results from CE could be partial or
complete prototypes.

2.3 Production and Market Activities

Production and market activities are related. For example, it is difficult to
distinguish the boundaries between materials requirements and procure-
ment. On the one hand, a brief examination of Table 1 shows that every
author coincides in the existence of a production or realization stage. It
should be noted that Stark refers to ‘‘realize’’ as the production phase [15].
Production basically refers to the manufacturing and quality assurance
tasks, i.e. everything that happens in the shop floor. Materials acquisition
is also considered as part of this stage. The squared boxes of Table 1 are
included in this phase

On the other hand, it can be seen by the arrow boxes in Table 1 that there is
an overlapping between production and what will be referred as market activ-
ities. According to Jüttner et al. [24], the product life-cycle management needs
to ‘‘balance fast response to changing consumer demands with competitive
pressure to seek cost reductions in sourcing, manufacturing and distribution’’.
In Aca’s work [12], production and sales are mixed into a single phase. This
representation is followed by Guerra et al. [13]. However, it can be seen that the
rest of the authors keep market, sales, or distribution separate from the man-
ufacturing or production stage.

Market activities include marketing and trade of goods. Therefore, supply
(or distribution), sourcing (or procurement) and sales are also part of this stage.
The market requirements are communicated to developers to include clients’
needs into product specifications. Note that these are restricted by production
capabilities. The market behaviour also determines the strategy of the company
towards New Product Development (NPD) and investments. The supply chain
management requires both the business administration and engineering plan-
ning, and is determined by both the production volume and distribution
channels
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2.4 Use and Maintenance

As it happens with production and market activities, use and maintenance have
a direct relationship. The use stage is customarily related to the customer or
operator [15]. As the product is used, it will eventually need support, repair,
service or upgrade to keep it in good conditions, change its application or
improve the way it works. From a life-cycle perspective, the manufacturer
plans this in advance. Furthermore, product-service supply is increasingly
becoming more relevant to the point that companies could solely provide
accompanying services for products manufactured by themselves or another
company [8].

Even when it is not shown in table 1, Alting specifies that there are companies
and user costs due to warranty service andmaintenance during what he calls the
usage stage [10, 11]. In his graphic representation of PLM Grieves does not
include use or maintenance. However, in his definition of PLM, he states that
the product life goes ‘‘from its design through manufacture, deployment and
maintenance-culminating in the product’s removal from service and final dis-
posal’’ [14]. This clearly reflects that the product is obviously used at some point
of its life, and that it is prone to maintenance. In the case of Stark, he differ-
entiates use from support and service as it is perceived by the client and
manufacturer. In his words, ‘‘when the user is using the product, the manufac-
turer will probably need to provide some kind of support’’ [15]. All of the above
denotes that there is a concern aboutmaintenance, and reinforces the argument
that it is strongly related to the use phase.

From a corporative perspective, there are basically two options for main-
tenance: outsourcing and in sourcing. In the first case, the buyermay come to an
agreement with the manufacturer as to receive maintenance from them, or may
sublease another company which is specialized on that service. In the in sour-
cing case, the company can direct its own resources to give support to the
product. The advantage of outsourcing is that it enables companies to concen-
trate on their core competences. Therefore, they don’t have the need to train
and maintain a department or specialist for this task. Most of the time, this
requires that external entities involve in the daily activities of the assisted
company, which is not always beneficial. This is rather true for high-tech
enterprises that need to keep a low profile about their processes.

In Fig. 1, the use and maintenance stages are separated due to the fact that
the user and service provider most often deal with the product at different times
and locations, and they have different goals towards the product.

2.5 Disuse

The disuse of the product comes when it doesn’t provide enough benefit to the
company or user, and needs to be recycled, refurbished for sale or disposed.

114 D.A. Guerra-Zubiaga et al.



Stark [15] calls it end of life, Grieves [14] addresses it as disposal and recycling,
both Alting [11] and Aca [12] call it disposal, so do Guerra et al. [13]. Kovács
et al. [8] include recycling as part of their PLM definition as well. The intention
behind the term disuse is to state that the product may or may not continue
existing after it is not used anymore, that there are many possibilities for what
happens afterwards, and that it is no longer used for the purpose for which it
was designed. It also reflects that its owner may change, but its lack of useful-
ness determines its retirement.

3 PLM tools taxonomy and techniques

Figure 2 presents a taxonomy of digital tools and techniques used in PLM. The
proposed classification takes into account that people within a company have
different profiles regarding their activities and the tools they use. The PLM
tools are divided into three major categories: tools for engineering, for knowl-
edge management and for business activities. Except for ambient intelligence
(see Fig. 2), the engineering digital tools are implemented for concurrent
engineering within the development stage (see Fig. 1) presented in Section 2.2.
Business tools refer to the software used in the market activities (see Fig. 1). In a
simplified way, Knowledge Management (KM) tools are used to transfer and
manage data throughout the stages of PLM (see Fig. 1) and their respective
tools (see Fig. 2), so they are used by both business and engineering tools.

Fig. 2 Taxonomy of the digital PLM tools and techniques
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Representative examples are presented for most of those subclasses. Going
from specific to general, these tools are implemented in their respective stage
and are linked to the rest of the tools (view Fig. 1). For example, CAD software
is used for engineering design in the development phase.

3.1 PLM–KM Digital Tools

KnowledgeManagement Systems (KMS) are represented in themiddle of Fig. 2.
These are information systems which make knowledge available to people as
required [14]. They are a mean to create, share and use knowledge [15]. These
tools are divided intoGroupware andDecision Support Systems (DSS). Gallupe
defines Groupware as ‘‘Software and hardware that enables workgroups to
communicate and collaborate’’ [25]. It is a new type of computer software and
work processes to collect, document, classify and organize knowledge [26]. The
definition provided by Gunnlaugsdottir is ‘‘collaborative technology which
allows people to communicate with each other, co-operate on projects and
share information and knowledge’’ [26]. Beyond this definition, she states that:

The groupware links employees together and connects them with the information and
knowledge base of the organisation, offering them the opportunity to use it and expand
it. Records are safely stored in an organised, central database where all authorised
employees have access to the latest versions of manuals and other documents and
records. The system offers also version control, that is how many versions were made
and who wrote each version. [26]

The most common Groupware used for PLM is the Product Data Manage-
ment (PDM) systemwhich aids companies inmanaging all product-related data
throughout the product life cycle (view Figs. 2 and 3). The main role of PDM
systems, within a PLM environment, is to provide support to the many activ-
ities of the lifecycle, such as design, the tracking of information in changing
orders, the alternative designs management, and the product configuration
control. PDM systems keep data shareable, transportable, secure, accurate,
timely and relevant [15], The fist term, shareable, refers to data that can be easily
and instantly viewed or used by more than one person at any instant. Trans-
portable regards the capacity of data movement in an easy fashion. When data
is secure, it means that it can be protected from unauthorized destruction,
modification or use. Accurate data is reliable and precise. It can also be said
that timely data is current and up-to-date. Finally, it can be called relevant if it is
really useful for the decision in turn. Likewise, PDM systems provide the plat-
form in which every kind of user can access the information to share or modify
it. However, software such as CAE or CAM tools (see Fig. 3) should be used to
modify the integrity of the given data. In Fig. 3, the data is represented by NC
codes, marketing statistics, user manuals, repair reports, profit of recycling and
CFD data. This resembles the idea that PDM systems connect data throughout
many other applications, but doesn’t modify it.
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An expert system is a Knowledge Based System (KBS) that emulates the
decision-making ability of a human expert. Remark that an expert can solve
problems that most people cannot or can solve themmuch more efficiently [27].
‘‘In the commercial world, however, there are systems that can effectively and
efficiently perform tasks that do not need an expert’’ [7], for instance, Rule-
based systems [28].

Note that an expert system is limited to a determined activity. For instance,
an expert system for maintenance cannot be used for engineering analysis.

Some of the expert systems developed for product design are: ProPlanner1
and Expert system for product manufacturability and cost evaluation. Some
Rule-based systems are: Product audit tool1, and Boothroyd & Dewhurst’s
DFA and DFM Concurrent Costing1.

It is important to mention that the digital tools for business and the digital
tools for engineering are integrated by the knowledge management tools.
Furthermore, some of the business or engineering tools already have knowledge
management tools embedded. For instance, there is software for design and
manufacture that shares files indistinctly (e.g. CATIA1 and DELMIA1 from
Dassault Systèmes1) and can create design rules for product families (e.g. the
Knowledgeware module from CATIA1).

3.2 PLM Business Digital Tools

The business administration, sales and marketing department are essential for
an extended enterprise. The market activities have not been fully integrated to
the PLM maybe because the PLM concept was coined within the engineering
niche. However, the people involved to what has been referred here as market
activities also deal with valuable information regarding the product life-cycle.
Therefore, the information they provide also drives the life of the product.

Fig. 3 PDM as the data bus
(left) and elements of a PDM
system (right)
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Some companies use different strategies to be more competitive. One of
the most comprehensive and detailed strategy tools is the Collaborative
Planning, Forecasting and Replenishment (CPFR) [29] (view Fig. 3). The
Voluntary Interindustry Commerce Standards (VCIS), which is responsible
for the adoption of the bar-coding, and the Efficient Consumer Response
(ECR) Europe claim that it helps retailers and manufacturers to get more
accurate forecasts, reduce stock-outs, increase sales, reduce inventories [29],
higher order fill rates, and faster cycle time [30]. The CPFR is Web-based,
and its goal is to coordinate trading partners on various activities such as
production and purchase planning, demand forecasting, and inventory
replenishment [31].

Figure 2 shows artificial agents as part of the sales tools. Firstly, it must be
understood that the ‘‘Agency Theory studies the contractual relationship
between two parties’’ [32]. An artificial agent is a Knowledge Based System
able to communicate, interact and negotiate with other agents, which can be
intelligent, human or artificial [33, 34].

Electronic Data Interchange (EDI) (see Fig. 2) allows a computer-to-com-
puter exchange of business data for a transaction without human intervention
[30]. EDI is used to reduce cycle time, improve inventory management, increase
productivity, reduce costs, improve accuracy, improve business relationships,
enhance customer service, increase sales, minimize paper use, and increase cash
flow [30].

Procurement and Strategic Sourcing tools are very common for business
practices such as Customer Relationship Management (CRM) or chain supply
design tools. This type of tools is used for the distribution management of the
product (view Fig. 2). ‘‘An e-procurement B2B system is an open system that
enables the organisation to reach and transact with suppliers and customers in
virtual markets’’ [35].

3.3 PLM Engineering Digital Tools

Four basic categories are presented for the engineering classification of the
PLM digital tools taxonomy. It can be seen from Figs. 1 and 2 that these
correspond to the development, production, maintenance and disuse stages
presented in Section 2.

From left to right, the first engineering tools classification ismaintenance. In
most cases, the digital tools used for this activity are limited to the development
stage, where the disassembly process is modelled, for example. Even when this
approach is useful for servicing products, there is muchmore information about
what is actually done in the repair shop during the maintenance stage which
needs to be integrated into the PLM.

The term ambient intelligence was coined by Emile Aarts of Philips [36].
It is defined as ‘‘the convergence of ubiquitous computing, ubiquitous
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communication, and interfaces adapting to the user’’ [8]. It is a field of informa-
tion systems that is rapidly increasing, and could be used to provide valuable
information about the current status of the product [8]. This information could
be sent and received from the shop floor to the KMS of the company to
integrate the support department with the other departments of the company
such as procurement (to get spare parts) or development (to improve designs
through Design for Maintenance). Emilini points out that the ‘‘Maintenance of
ambient intelligence environments and of their components is also expected to
play a significant role with respect to health and security issues’’ [37].

One of the most promising tools to incorporate the disuse (see Fig. 1 and to
the right of Fig. 2) stage within the PLM is the Life-Cycle Assessment (LCA)
[38]. This kind of software can evaluate the environmental impact of a product
(as well as processes or activities) throughout its life [39] by compiling an
inventory of relevant inputs and outputs [40]. Some of the most popular tools
for this assessment are GaBi4 and SimaPro 6 [39].

The most thoroughly digital tools that are used within PLM are the Virtual
Concept tools. These include the manufacturing and design software for the
development stage (see Section 2.2). The design tools are able to produce
virtual prototypes of products, reducing scrap and improving quality of
products [41]. These virtual prototypes are digitized versions of the real
products that can be tested and simulated in near-to-in-situ operation. The
Virtual Manufacturing tools support the design and simulation of process by
means of layout planning, factory flow simulation, ergonomics and DMU
kinematics [42].

3.4 Techniques and Methodologies Used for PLM Tools

The digital tools use several embedded methodologies or techniques to accom-
plish their goals. In the case of KM tools, two very common techniques are
Data Mining (DM) and Case Based Reasoning (CBR). DM is an advanced
technology that can process large amounts of information, discovering useful
information and knowledge to support decisions [43]. CBR is a technology that
provides KMS with some degree of intelligence by comparing the situation in
hand to past captured experiences to solve the present case [43].

Maintenance is a fertile area to develop for PLM. Reliability prediction is
one of the most difficult issues to address in this regard, because there are many
variables involved. However, failure can be prevented by techniques such as
Condition Based Maintenance (CBM; see the center of Fig. 2) which is used to
determine when preventive maintenance should be performed [44]. CBMmeans
maintenance tasks based on the current status obtained from in-situ, non-
invasive tests [45]. It requires data from products to determine when service is
to be done. Therefore, this technique is used by ambient intelligence tools to
infer whether maintenance is needed or not [8].
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Another technique used for the maintenance of products is the Propor-

tional Hazards Modelling. It is a technique that can make use of oil analysis

results collectively to perform statistical control thresholds to asses the risk of

failures [44]. But again, it requires a knowledge source which could be popu-

lated by the ambient intelligence tools. This data would relate to (1) failure/

replacement data; (2) inspection data; (3) maintenance action data; and

(4) installation data [44].
There is a wide variety of techniques for design. Figure 2 presents four of

these. First, Quality Function Deployment (QFD) is a way to identify

customer’s requirements [1] to generate clear engineering specs thus, mini-

mizing the waste and changes in products [46]. TRIZ is a Russian methodol-

ogy that is primarily useful in identifying physical working principles to

solve technical problems by finding implicit contradictions in a problem.

Design for ‘‘X’’ (DFX) means to design a product towards a specific goal.

Design for X includes a set of initiatives to reduce product’s cost and

improve its quality in the early stages of design. DFA1, DFM2, DFMA,

DFE and DFR are just some of the most common types of methodologies

[47]. Every special case of DFX follows a set of rules, guidelines or proce-

dures to accomplish its ends All of the above (QFD, TRIZ and DFX) can be

integrated into the development tools to generate and specify designs in

some way (view dotted arrows in Fig. 2), for instance, by the integration of

expert systems and CAD software [48].

4 Case Study

The case study in this section shows how the tools presented in the PLM

taxonomy are applied on a redesign project. The case study was taken from

the PURDUE solar racing project. This project involves the construction of the

7th generation of a solar racing car, or in other words, it consists of improving

the current solar racing car. This project started on September 2006 and will

finish during spring 2009.
The scope of this experiment is the hub system redesign. DFX process

framework will be followed in order to achieve that, and will be supported by

the ‘‘Methodology to support DFX process using a PLM framework’’ [48],

which includes the next stages: (1) Defining product requirements, (2) Design

for Assembly application and (3) Creating new knowledge and expertise. Each

of those stages are matched with the property step from the Methodology to

support DFX process using a PLM framework.

1 Design for: manual, automatic and robotic assembly are special cases of DFA.
2 Design for: casting, injection molding, welding, machining, brazing, etc. will be considered
as special cases of DFM.
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4.1 Defining Product Requirements

This is the first stage to be achieved in this case study. The product requirements
are provided mainly by the product customers. The costumer requirements are
then translated from common language into technical parameters to modify
using a QFDmethodology. In this case study, the last solar racing car team was
considered as customers due that they have the use and building experience of
the last version.

After an interview with the ‘‘customers’’ they provide the next requirements
for the product:

� Mechanical systemsmust be improved. Those systems include chassis &Roll
Cage, Uprings, Axles, Hubs, Brakes, Training Arm and Steering.

4.2 Design for Assembly Application

The main issue in this stage is the application of DFA tool designed by Boot-
hroyd in order to perform the DFA task. However, before that, is necessary to
collect the useful product information available. In addition, the PDM applica-
tion will be executed in order to support this stage. The methodology steps
developed in order to support the mentioned issues are the second and the third
ones, which are: Getting Design for Assembly (DFA) information and Product
data-information management through a PDM system.

4.2.1 Getting Product Information

The product information collected corresponds to the hub system only, due that
it was the section assigned to this case of the study (Fig. 4). The product
information collected consisted in CAD files, Drawing files, CAM application
files, report documents and pictures files. CAD files and drawings format was
pro-e; CAM application files include mainly finite element analysis. Report
documents include Vehicle impact analysis and mechanical systems analysis.

4.2.2 Product Data-information Management Through a PDM System

Once the product information is collected the next step is to put it into the PDM
system in order to manage it properly and provide it at the designers in the best
way. However, according with the methodology proposed, previously to PDM
application there are some tasks that need to be performed, which are: to define
the PURDUE solar lifecycle, to define the PLM actors and to organize the
product information collected.

Solar racing car has six stages into its lifecycle (view Fig. 5). First one is
project plan, which contain all the projections for the future, tasks definition,
resources definition, organizational plan, etc.; Second stage is product redesign,
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which include last part analysis and parts improvement; Third stage refers to

manufacturing processes design or in some cases just to improve the past

processes; fourth stage correspond to the marketing issues, where publicity

and sponsors searching are performed; Next stage is maintenance, in this one,

solar racing car is put it in use by the customer and then it naturally will need

some kind of maintenance due failures or simple use; Finally, when solar racing

car won’t be able to work it must be disposal and/or recycle.

4.2.3 Defining PLM Actors

Once solar racing car lifecycle has been defined, it is necessary to define who the

actors are at each stage in order to analyze what kind of information is

generates by each one as well as to decide which information must be shared

them (Table 2). For instance, product designers could need some material

properties information, while marketing is just interested in which will be the

final solar racing car shape in order to create some publicity about it.

Fig. 4 Hub Drawing (Top View)

Project 
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Product
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&
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Fig. 5 Solar racing car lifecycle
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4.2.4 Organizing Information

The information collected was organized following the organizing product
information class diagram proposed in the methodology (Fig. 6).

4.2.5 PDM System Application

In this case study, Teamcenter1 Community is the commercial software hold-
ing the PDM system. The Teamcenter community is used for managing the
product information through the entire solar racing car lifecycle. Then, in order
to star using Teamcenter community, is necessary to create the Teamcenter
Community site for the user̀s access. After to create the Teamcenter community
site is necessary to create and customize the users. Teamcenter community
offers four kinds of users, which are Reader, contributor, web designer, and
administrator. The privilege of each one are explained below.

Table 2 Actors into solar racing car lifecycle
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A. Reader – Has read-only access to the web site.
B. Contributor – Can adds content to existing document libraries and lists.
C. Web Designer – Can creates lists and document libraries and customizes

pages in the web site.
D. Administrator – Has full control of the web site.

For this specific case study all the users have been defined as contributors

because all of them are supposed to create files that must be share with all the

other members. After to define the users privileges, is the time to define the files

privileges, which are the same that the users. Then, we are able to upload those

files with their own privileges also.

4.2.6 Boothroyd DFA Tool Application into PDM Environment

After applying Boothroyd’s methodology it is necessary to define the most

economic assembly method for the particular project. Boothroyd proposes

three categories of assembly: manual assembly, special purpose transfer

machine assembly and robot assembly.

Fig. 6 Organizing information through UML
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The most economic assembly method can be determinated by three aspects,
the first one is the annual production volume which is the average number of
assemblies of all styles produced during the equipment payback period; second
issue is the number of parts in the assembly, which is the average number of
parts or subassemblies to be assembled on assembly system; the last one is the
total number of parts, which is the total number of parts or sub-assemblies from
which various product styles can be assembled. Considering all the aspects
mentioned above, the most economic assembly method for the hub is manual
assembly method.

The methodology to manual assembly method involves the next steps:

1. To get the information about the product or assembly.
2. Take the assembly apart (or image how this might be done).
3. Fulfill the design for assembly worksheet.
4. Begin re-assembling the product.
5. To estimate manual assembly time and manual assembly cost.
6. Finally, the manual assembly design efficiency is obtained by entering the

figures generated from the worksheet into the equation: EM¼ 3XNM/TM.

The sub-assembly system consists of six parts, which are rim, hub, washer,
pipe, bearing, break disc and screws. The hub system assembly exploded is
shown in Fig. 7.

The worksheet filled with the information of the assembly is shown below as
Fig. 8.

After analyzing the assembly with the support of the worksheet above, it was
decided not to reduce the number of parts in the assembly because of constrains
in manufacturing. However, the hub was redesigned in order to make it lighter,
the new hub design is shown in Fig. 9.

4.3 Creating New Knowledge and Expertise

The final stage is the creation of new knowledge and expertise, and the third step
of the methodology supports this stage in order to capture those knowledge and

Bearing

Hub

Rim

Break disc

Pipe

Washer Fig. 7 Hub system assembly
exploded
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expertise for then reuse it and improve the DFX process. The tasks involved in
the third methodology step are collecting the expertise and knowledge from
designers, structuring information in rules, programming the rules into the
Expert System and finally, fitting Expert system into the PDM system. The
expert system used in this case study was CLIPS.

4.3.1 Collecting Knowledge

The knowledge captured in this case study was about how to select the most
economic assembly method, which was the first stage in Bootroyd DFA tool
application.

4.3.2 Making Rules

After collecting knowledge is necessary to structure it in a rule way in order to
be able to programming into the Expert System software. To make a rule is
necessary identify the dependent and independent variables for then relate
them. The independent variables defined were, (1) annual production volume
measured in thousands, (2) number of parts in the assembly and (3) total
number of parts. While the dependent variables defined were each one of
the six assembly methods: (1) Special-purpose indexing, (2) Sp.-purp. Free-
transfer, (3) Single-St. one robot arm, (4) Single St. two robot arms, (5) multi-
station with robots and (6) manual bench assembly. The way in which those

Fig. 8 Worksheet for Hub system sub-assembly
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variables were related is summarized in the chart below, where VA means
annual production measured in thousands, while NA means number of parts
in the assembly.

Programming Rules Into the Expert System Software
CLIPS software has its own programming language. However, it has also
designed for full integration with other languages such as C and ADA. A
print scream of the codec programmed in CLIPS is shown in Fig. 10.

After to run the program done, the Expert System advices the manual
assembly such as the most economic assembly method. The print scream of
those results is shown below.

4.3.3 Fitting Expert System into PDM System

Due that CLIPS is external software with no interface with the PDM system,
the only way to fit it is upload it as a file. However, each designer must install
CLIPS software in their computers in order to be able to use the Expert System
file when will be necessary.

4.4 Results

The taxonomy presented helps to clarify PLM tools implementation. The
methodology based on the PLM tools taxonomy was measured through a
comparison with the last solar racing car project. The most important benefits

Fig. 9 New hub design
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of the application of this methodology were on the time and cost reduction for

the hub design. These reductions were producedmainly by less time in searching

information, less time spent in meetings, reduction in mistakes made during

modelling process, and prototypes cost reduction.
Less time by searching information and knowledge was achieved with

the use of the PDM system, which allowed to organize and to share all the

information related with the hub through all the designers. In addition, the

Expert System allowed to reuse the experience of the designers. Less spent

time by meetings was achieved through the use of Teamcenter community

platform that established a collaborative environment between the designers.

Reduction on modelling mistakes was achieved with the use of the PLM tools

(CAD) and correct information available in the PDM and expert systems.

Finally, prototypes and testing cost reduction was possible through the use of

Fig. 10 Expert Systems programming
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the CAM-CAE technologies available into the PLM tools. All the depicted
points are summarized in Table 3.

5 Conclusion

It can be concluded that the PLM tools classification into business, engineering
and knowledge management is a good first approach to identify gaps in the
integration of the software used for the different stages of the product life-cycle.

This article shows that it is important to improve the understanding between
the development stages of a product and the ways in which the information and
knowledge can be administrated within and among such stages. Therefore, it is
extremely important to define new frameworks and their respective taxonomies
to improve the implementation of new PLM tools and concepts. In this sense,
the present work has defined a taxonomy to clarify the use of those tools, and
broadens the vision to incorporate new concepts.

In this way, the definition of new taxonomies allows to reach a better
understanding and integration of the different stages that comprise the
integral product development, and the different tools they use. The integra-
tion is not only benefited in the product realization phases, but also in the
globalized collaboration of different organizations that could interact for
such realization.

The conception of the framework was leveraged by the PLM tools taxon-
omy. It is a novel way to bring together Expert Systems, DFX and PDM
systems. These are PLM tools which had not been fully integrated previously.

The value added up to now in this research is that even though a PLM
taxonomy has been defined to support the implementation of PLM concept,
additional research is needed to explore new scenarios of the interconnection
between the applications used within each product life-cycle stage. New PLM
taxonomies are required to develop collaborative environments to foster the
coordination and cooperation among global groups, supported by tools and
methodologies that enable intellectual capital sharing in real time.

Table 3 Summary of Results

Last version
Current
version

Spent time by searching information and knowledge 96 hours/
month

25 hours/
month

Spent time by meetings 16 hours/
month

2 hours/
month

Spent time in reworks due at mistakes made during
modelling process

41 hours/
month

8 hours/
month

Prototype cost & Testing USD$780.00 0
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Appendix: Several PLM Definitions

Thimm et al. [49]

Product Life-Cycle Management (PLM) is a strategic business approach that
consistently manages all life-cycle stages of a product, commencing withmarket
requirements through to disposal and recycling (see Fig. 1). PLM involves a
multitude of stake holders (e.g., customers, suppliers, and regulators), who
require various levels of detail and representations of information.

CIMData [50]

‘‘PLM is not just a set of technologies, but a strategic business approach that
applies a consistent set of business solutions in support of the collaborative
creation, management, dissemination, and use of product definition informa-
tion across the extended enterprise from concept to end of life – integrating
people, processes, business systems, and information. PLM forms the product
information backbone for a company and its extended enterprise.’’

Kovács et al. [8]

‘‘The PLM concept appeared in the second part of the 1990s. This concept
provides a platform to share product-related knowledge across an extended
enterprise, from product design and creation, through dissemination and after
sales services, up to product dismissal and recycling . . . PLM is defined as ‘a new
integrated business model that, using ICT technologies, implements an inte-
grated cooperative and collaborative management of product related data,
along the entire product lifecycle, dismissal included’.’’

Chiang et al. [51]

‘‘Amann et al. (2002) defined PLMas ‘a strategic business approach that applies
a consistent set of business solutions in support of the collaborative creation,
management, dissemination and use of product information across the
extended enterprise from the concept to the end of product life – integrating
people, processes, business systems and information.’ Extending from product
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data management (PDM) scope, CIMdata (2003) defined PLM in 11 key
functions. They include (1) document and content management, (2) engineering
change process management, (3) collaborative product design, (4) bill of mate-
rials management, (5) supply chain integration, (6) part classification manage-
ment, (7) product service management, (8) program and project management
(PM), (9) product portfolio management (PPM) and analysis, (10) data author-
ing and analysis, and (11) digital manufacturing.’’

Jüttner et al. [24]

‘‘Product life cycle (PLC) management as the integrated, information-driven
approach to all aspects of a product’s life, from concept to design, manufactur-
ing, maintenance and removal from the market, has become a strategic priority
in many company’s boardrooms.’’

Turban [7]

‘‘(PLM) is an integrated, information-driven approach to all aspects of a
product’s life, from its design through manufacture, deployment, and main-
tenance, culminating in the product’s removal from service and final disposal.’’

‘‘PLM’s goal is to streamline product development and boost innovation in
manufacturing. PLM has the potential to vastly improve a company’s ability to
innovate, get products to market, and reduce errors.’’

Stark [15]

‘‘(PLM) is a new activity for manufacturing companies that opens up new
business opportunities. . .’’

‘‘PLM manages each individual product across its lifecycle – from ’cradle to
grave’; from the very first idea for the product all the way through until it is
retired and disposed of.’’

‘‘(PLM) enables the company’s complete portfolio of product to be managed
in an integrated way. . .’’

‘‘PLM is a holistic business activity addressing many components such as
products, organisational structure, working methods, processes, people, infor-
mation structures and information systems.’’

Grieves [14].

‘‘Product Lifecycle Management is an integrated, information-driven approach
comprised of people, processes/practices, and technology to all aspects of a
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product’s life. From its design through manufacture, deployment and main-
tenance-culminating in the product’s removal from service and final disposal.
By trading product information for wasted time, energy, and material across
the entire organization and into the supply chain, PLM drives the next genera-
tion of the lean thinking’’.
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tions (ISDÀ06) pp. 1191–1196.

[4] R. Polli and V. Cook, ‘‘Validity of the Product Life,’’ The Journal of Business, Vol. 42,
No. 4 (Oct., 1969), pp. 385–400.

[5] P. W. Stonebraker and J. Liao, ’’Supply Chain Integration: Exploring Product and Envir-
onmental Contingencies,’’ Supply Chain Management, Vol. 11, No. 1, 2006, pp. 34–44.

[6] B. Yang, N. D. Burns and C. J Backhouse, ‘‘Postponement: A Review andAn Integrated
Framework,’’ International Journal of Operations & Production Management, Vol. 24,
No. 5, pp. 468–487, May 2004.

[7] E. Turban, J. E. Aronson and T. P. Liang, Decision Support Systems and Intelligent
Systems 7th ed. New Jersey: Pearson/Prentice Hall, 2005.
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business approach to reducing wastes and reallocating captured resources in

support of product and process innovation, is not without its challenges. Major

social issues are considered in this chapter, concluding with an example of a

PLM-like application. The first topic for consideration addresses the context in

which PLM is practiced, namely, the virtual environment. In particular, the

challenge of working in a cross-cultural virtual team environment is presented

and a theoretical model in support of creating a successful and productive team

is suggested. The second topic addressed in this chapter proves to be timely

given the current debate on how best to mitigate and adapt to the effects of

global climate change. In this section, PLM is presented as a strategic business

initiative that simultaneously drives green manufacturing while supporting

organizational sustainability. The third topic addresses how best to prepare

tomorrow’s workforce for a PLM environment. The issue of education is

discussed in terms of a practitioner-based, competency model. Finally, an

example of a PLM-like application in support of the development of inter-

organizational relationships in supply chain management in higher education is
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1 Introduction

Globalization of business is forcing managers to grapple with complex

issues as they seek to gain or sustain a competitive advantage. With

expanding world markets and increased international business competi-

tion, comes a corresponding demand for organizations and individuals to

be knowledgeable about and prepared to operate in the global environ-

ment. Innovation, adaptation, and adoption have determined, to a large

degree, the economic fate of nations, business, and industry working in

a global economy. The key to survival for many organizations is the ability

to capitalize on the potential of advancing new knowledge/technology.

In spite of its promise, however, technology transfer and assimilation

demands substantial changes in the way in which organizations operate.

While technology helps to eliminate a number of barriers to globalization,

many significant barriers remain, notably those involving people and the

organizations we build around them.
The benefits of adopting a new knowledge/technology are undeniable,

however, human factors and organizational relationships either enhance or

constrain potential quality, productivity, and financial gains. Successful orga-

nizations know that they cannot put their faith in new knowledge/technology

alone, as human issues are equally important and often demand even greater

attention than technology.
Product Lifecycle Management (PLM) is an integrated, digital formation-

driven approach to conducting business – comprised of people, processes/

practices, and technology affecting all aspects of a product’s lifecycle, from its

design through manufacturing, deployment and maintenance, culminating in

the product’s removal from service and final disposal. Be definition, given that

PLM is driven by digital information, users must become somewhat electronic

savvy. However, just as it is important for people to be knowledge about the

technical side of PLM, it is equally important that they be knowledgeable of its

human side. The aim of this chapter is to explore social issues associated with

PLM, namely, the virtual environment as the context in which PLM is con-

ducted; the practice of PLM as a strategy in support of green manufacturing in

the fight against global warming; the education preparation of tomorrow’s

workforce for a PLM environment; and to illustrate the impact of information

sharing on the development of inter-organizational relationships in supply

chain management. In essence, this chapter suggests that the success of today’s
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‘‘high-tech’’ initiatives, like PLM, are dependent on ‘‘high-touch’’ people-driven
considerations.

2 Virtual Environment – Context of PLM: A Model in Support

of Cross-Cultural Team Development

The importance of a well functioning cross-cultural virtual team (CCVT) is
imminently important in today’s global environment. Having a successful
CCVT can be the difference between being the market leader or struggling to
survive in today’s global business arena. The diversity and flexibility of virtual
cross-cultural teams, however, can be difficult to achieve. The introduction of
collaborative PLM tools may prove to be critical to organizational success. From
the components of virtual teams to the cultural elements needed to create a
CCVT, this section of the chapter covers many aspects of CCVT. The Cross-
Cultural Virtual TeamModel (CCVTM) presented can be used to create a virtual
team in a multinational corporation and may be tied back to the integration of a
PLM system. A successful PLM system is the key element within the CCVTM.
Conversely, the CCVTM supports and strengthens the PLM system.

2.1 Cross-cultural Virtual Teams

In today’s business world, leaders must pay greater attention to communica-
tions and the social system among their employees. It is critical that organiza-
tions control how employees collaborate and coach them in how to interact
with one another. It is challenging to establish Virtual TeamManagement since
technology is a substitute for human face-to-face interaction. While time and
space constraints are concerns of virtual team environments, companies
launching a global virtual team with PLM support must address issues of
cultural differences among the team members. PLM enables easy access to
information, knowledge, and data sharing; yet some of its users fail to maintain
well organized teams because they have not considered cultural distinctions of
its members. This section provides suggestions for creating cross-cultural vir-
tual teams, as well as, provides examples of difficulties concerning the imple-
mentation of cross-cultural teams.

2.1.1 Components of Virtual Teams

Individuals tend not to consider cultural differences and think that people are
the same across cultures. However, culture has a major impact on the effective-
ness of teams. According to Gannon, team members from the same cultural
background are said to be of average effectiveness; while multicultural teams
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tend to be either highly effective or ineffective (Gannon 2001). Citing Kovach,
Gannon suggests that the level of effectiveness is directly related to the leader’s
role in choosing team members so as to avoid the risk of low effectiveness. This
paradox is displayed on Fig. 1 that shows the relative productivity of 800 teams
consisting of 4 to 6 members (Gannon 2001). This figure illustrates that certain
cultural factors may aid or present team effectiveness. While single-culture
groups are limited in their effectiveness level, multi-cultural teams have the
potential to increase productivity.

This model suggests that multi-national teams are an asset in today’s global
environment as they provide high productivity and different approaches to
tasks. However, individuals from different cultures vary in terms of their com-
munication and group behaviors, including the motivation to seek and disclose
individuating information and the need to engage in self-categorization, iden-
tify with a particular group (Gudykunst 1997). According to Hofstede, one of
the dimensions of cultural variability is individualism-collectivism. Individua-
listic culture members tend to value the needs, values, and goals of the indivi-
dual over the needs, values, and goals of the group. In collectivist cultures there
is an opposite tendency (Hofstede 1980). Hofstede suggests that members of
individualistic cultures are likely to be less concerned with self-categorizing, are
less influenced by group membership, can easily adjust to changing groups, and
can involve themselves in more open and confident communication than their
counterparts from collectivist cultures (Hofstede 1980). Members from both
types of cultures represent a vast array of experience and training which, if
managed appropriately, could collectively lead to greater team performance
due to the richer synergy created based on a broader spectrum of viewpoints.
When having such diverse cultural backgrounds in one team, there are essential
factors that link all members together and enable effective management of the
team. These important factors, presented by Hastings (Hastings et al. 1994)
include:

� Trust – team members expect their partners to deliver to agreed times and
specifications. Creating trust among team members that represent different
attitudes may not be easy, knowledge and a willingness to work together to

Fig. 1 Model of cultural impact on team effectiveness (Adapted from Adler (1983))
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overcome cultural differences for mutual benefit is required (Cartwright 2003).
Members’ reaction to particular stimuli in the first communication events often
produces patterns that may prove to be long-lasting in a team. Thus, it is
important to encourage teammembers to be tolerant, to learn about and from
one another, and to be willing to adapt and change communication behavior
accordingly. Regarding the electronic environment, it has been suggested that
electronic communication, without the ability to send non-verbal cues, e.g.,
gestures, accents, dress codes, etc., may actually enhance team member trust
and hence impact productivity (Jarvenpaa and Leidner 1999).

� Control – choosing the priorities for control by a team and leaving out some
elements for an individual to decide on priority. A team’s responsibility lies
mostly in meeting objectives and remaining within budget. Teams need to be
focused, especially in a virtual environment. The tactic of filling in the subject
line on everydaymessaging helps to maintain focus on the task (Lipnack and
Stamps 2000).

� Motivation – motivation is a critical element for a high performing project
team, especially in a virtual environment. Virtual team members need to
overcome the sense of isolation (Nauman and Iqbal 2005). There is no
presence of physical contact and so the team needs to look for substitutes.
Chat rooms and video communications helps to support team bonding
(Hastings et al. 1994).

� Communication – differences in culture and language hinders communica-
tion. When co-workers are dispersed, socializing is significantly reduced.
They rely heavily on information technology to communicate (Nauman
and Iqbal 2005). Cartwright describes one virtual team he worked with in
which members prepared cue cards that were held up during the videocon-
ference. They read: ‘‘LAUGH’’, ‘‘RUBBISH’’, ‘‘WHAT?’’, and other replies
and were found very effective (Cartwright 2003).

Nauman and Iqbal (Nauman and Iqbal 2005), in their article on challenges
of virtual project management, present some recommendations for improving
the virtual processes:

� Members in virtual team environments often have expertise in a specific area,
so there is great need for knowledge sharing via effective communication and
knowledge management techniques.

� Face-to-face communication in the beginning of forming a team is an
essential condition in establishing higher levels of trust and motivation
among specialists working from geographically dispersed locations.

� Managers or team leaders must be communication mediators between the
members of virtual teams in order to reduce conflict.

� A single communication point is a must to avoid idleness and conflict.
� The suitable use of telephones, video-conferencing, and face-to-face meet-

ings should be considered vital for effective communication.
� Leaders should effectively implement roles and responsibilities which are

essential.
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2.1.2 Creating Virtual Teams

In order for a well performing group to be formed it needs to go through several
stages. There are five steps: forming, storming, norming, performing, and
adjourning. Some groups go through the stages in a different order or omit
some of them, but this model is good at describing a group’s development
(Tuckman, 1965). The forming stage is best accomplished if the team members
meet physically if possible. This effort is said to be expensive yet it pays off when
the team starts working on the project. In this stage, trust is already present owing
to the fact that the members have already been acquainted with one another.
Many companies initiate the project by bringing people together and allowing
them to interact socially. In the case of conflict where it is hard to define an
attitude of an individual on the other side of instantmessenger, teams need to rely
on the individual making their feelings known to the group (Cartwright 2003).

According to Duarte and Snyder (Duarte and Tennant-Snyder 2001) there
are six essential competencies in creating virtual teams:

1. Performance Management and Coaching (team, individual performance,
compensation)

2. Appropriate use of Information Technology
3. Managing Across Cultures
4. Aiding in Team Members’ Career Development and Transition.
5. Building and Maintaining Trust and Networking
6. Developing and Adapting Standard Team Processes.

2.2 Introduction to Cross-cultural Studies

Since virtual teams are such an integral part of the PLM process, it is important
to create them in such a way as to achieve a high level of communication, trust,
and coordination. When forming virtual teams across cultures, rather than
groups that are formed within the same culture and/or country, some variables
come into account that can dramatically affect group performance. In order to
understand these variables, two different cultural studies are considered; Geert
Hofstede’s study of Cultural Variables and the Project GLOBE study. After a
thorough review, themost important lessons will be selected and compared with
what was learned about effective virtual team construction. The overlaps
between these studies form the basis upon which the present cross-culture
virtual team model was constructed. A discussion of the two studies and their
relevance to the development of the model follows.

2.2.1 Hofstede’s Value Dimensions

Geert Hofstede is a Dutch expert on the interactions between cultures, be it
national cultures or organizational cultures. He developed his system over the
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course of several years from 1966. In his book, Culture’s Consequences he

posits that his research is critical to understanding not only organizational

continuance, but to understanding mankind itself.
Hofstede believes that the ‘‘survival of mankind’’ will revolve around people

learning to work together and accept others’ cultural differences. He goes on to

state that within the confines of human nature, understanding the thinking of

a foreign culture is ‘‘not an intellectual luxury.’’ Instead, he believes that gaining a

heightened understanding of vague cultural differences is one of ‘‘the main con-

tributions the social sciences can make to practical policy makers in governments,

organizations, and institutions—and to ordinary citizens’’ (Hofstede 1980).
It is important to note that Hofstede’s book was written in 1980, over

27 years ago before the rise of globalization as it exists today. Awareness and

interest in global business has flourished since Hofstede’s writings. His exten-

sive work with IBM and later, the work of other researchers, led to the

construction of a four dimensional framework (with a later fifth added) for

assessing cultural differences. Hofstede’s five dimensions are:

� Power Distance – This dimension addresses how less powerful organizational
members both accept and/or expect the distribution of power to not be equal.
It is defined from the perspective of the subordinate and not the superior of
that subordinate.What this represents is whether or not a society endorses and
accepts a disproportion of power by subordinates as well as superiors. While
most societies differ in this dimension, sometimes the difference is extreme (i.e.
some cultures Power Distance is so great that questioning authority in any
way can lead to major consequences, whereas in others it is so small that the
concept of superior and subordinate are vague or non-existent).

� Individualism – The individualism dimension shows the level of group
integration within an organization. Highly individualistic cultures value
personal responsibility, e.g., work by one’s self, emphasis on and the
taking care of one’s own needs without extensively relying on other
people. On the other hand, cultures ranking low in individualism are
more prone to be bonded through group activity (collectivism). Collec-
tive cultures support the development of a collectivist attitude from
birth and it continually reinforced in the society. Collective cultures
often base much of their society on rewarding the actions of the group,
where as individualistic cultures reward individual effort.

� Masculinity – Masculinity is a gender-based dimension in which behavior is
described as being more male or female-like in expression. Hofstede’s study
revealed that there is a difference across cultures in the degree to which
expectations of males and females are differentiated. In less differentiated
cultures, males and females tend to act similarly, and both tend to express
values and behaviors that western cultures associate with females, e.g.,
modesty, caring. In highly differentiated cultures, there is a greater degree
of differentiation in male and female behavior. Both males and females tend
to express values and behaviors that western cultures associate with male
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behaviors, e.g., assertiveness, competitive, though females in these cultures
tend to express these tendencies less than their male counter parts.

� Uncertainty Avoidance – Some cultures are based on highly structured ways
of doing things and are intolerant of change while others are more open to
accepting change and the inherent risk of the unknown. This dimension can
also describe a society’s aversion to accepting values that differ from their
own (e.g. religion). Cultures that rank high in uncertainty avoidance tend to
develop highly structure rule-bound societies. People within these cultures
tend to hold a believe that there is little they can do to shape their future, they
express a high locus of control. In contrast, societies ranking low in this
dimension are more open to pursuits that have never been undertaken and
have no specific set of rules to follow, people tend to think they create their
opportunities, and as such, express a low locus of control.

� Long-Term Orientation (only recently applied to 23 countries) –As the name
implies, long-term oriented cultures tend to base their decisions on outcomes
in the future. Values such as perseverance, future ambitions, and fulfilling
one’s life goals are expressed in cultures with long-term orientations. Con-
versely, short-term oriented cultures (or ones that rank low in the long-term
orientation dimension) are basedmore on fulfilling obligations that will have
a more immediate or near term impact (Hofstede 1980).

It is fairly easy to see how Hofstede’s cultural variables can assist in the
development of creating cross-cultural teams. For example, should an indivi-
dual from a country with high power distance be placed in a team where the
group leader is from a country where power distance is low, the possibility that
the leader finds the subordinate lacking in initiative is great.

2.2.2 Project GLOBE

Project GLOBE (Global Leadership and Organizational Behavior Effective-
ness) is a major long-term multiphase, multi-method research project that
studied cross-cultural leadership differences and similarities among countries.
The study’s objective was to quantify data and score it based on nine cultural
attributes and six major leadership behaviors. The 62 countries involved in
Project GLOBE amassed nearly 17,000 responses from managers in 951 orga-
nizations (House et al. 2004). The ongoing study of Project GLOBE has been
very successful in defining human behaviors across different cultures. Questions
asked include the following:

1. What qualities affect leadership?
2. What behaviors are universally accepted?

Eachmember in the project is referred to as a country co-investigator (CCI) and
is responsible for their particular country. CCIs are responsible for studying specific
cultures in which they have a certain level of expertise, meaning that they often are
native to the region or have lived there long enough to understand local cultures
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thoroughly. CCIs collect both qualitative and quantitative data which they use to
check the validity of their questionnaires, write descriptions of their specific coun-
try’s culture (usually in context of the data), and give personal insights into their
experiences within the culture. The CCIs are usually natives of the culture in which
they collect information and most cultures contain 2 to 5 CCIs (House et al. 2007).

With the information collected by these research teams, Project GLOBE has
formed nine measurable dimensions for differentiating between societal and
organizational values (Javidan et al. 2006):

� Performance Orientation – level to which a society encourages and rewards
people for performance excellence.

� Assertiveness – extent to which a culture endorses speaking one’s mind and
being confrontational versus being quiet and modest.

� Future Orientation – way in which a culture rewards future oriented behavior
such as strategic planning and investing.

� Humane Orientation – extent to which a society encourages and rewards
individuals for being compassionate towards others.

� Institutional Collectivism – level of loyalty felt towards the organization and
its goals rather than one’s own individual goals.

� In-group Collectivism – level of pride found in belonging to small groups
within a society (i.e. work groups, family, religious group, etc.)

� Gender Egalitarianism – way a culture endorses gender role differentiation.
� Power Distance – level of equality distinction between superiors and their

subordinates in terms of power, responsibility, and authority.
� Uncertainty Avoidance – society’s reliance on social norms to avoid unpre-

dictable future events.

2.3 Cross-cultural Virtual Team Success Model

The CCVTM below illustrates that the four major factors of virtual team
success are clearly dependent on some type of collaborative tool, in this case,
PLM and all of the technologies that accompany it. Without PLM these factors
would not be achieved easily and in the same token these factors fuel PLM itself.
For example, open communication between all departments – one aspect of
PLM functioning – most certainly depends on trust, motivation, communica-
tion, and control.

As described in the previous sections, these factors are measured based on
cultural aspects. When creating a cross-cultural virtual team these dimensions
should be considered when selecting team members, or when developing cross-
cultural training for potential team members. Consideration of these dimen-
sions will likely increase the probability of team success within a cross-cultural
virtual team environment.

The four major factors of virtual team are extremely dependent upon one
another. For instance, if there is a lack of trust then open communication will
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most certainly falter. When just one of the four factors is compromised the
cross-cultural virtual team will be in danger of self destruction. By addressing
cultural dimensions as described, cross-cultural team productivity is likely to
increase in a PLM environment (Fig. 2).

2.3.1 Trust

Creating trust among team members representing different cultural back-
grounds is not easy (Catwright 2003). Building trust among team members
may be facilitated by knowledge of power distance, in-group collectivism, and
institutional collectivism. For example, representatives of a culture with strong
in-group collectivism take pride in membership in small groups such as their
family and close circle of friends, and the organizations in which they are
employed. By definition, they reveal less trust to people from the outside. It
may prove to be more difficult for members from a strong-in-group collective
culture to embrace new assignments at first, but later they are likely to prove
quite loyal. In essence, trust arises with knowledge gained about the members
on the virtual team (Jarvenpaa and Leidner 1999).

2.3.2 Control

Depending on the kind of task, team members may be responsible for control
over the task elements; however, objectives and meeting budgets are controlled

Fig. 2 Cross-cultural virtual team success model

144 C. Tomovic et al.



by the team as a whole (Lipnack and Stamps 2000). Power distance and
institutional collectivism are dimensions which when properly interpreted in
the beginning and used accordingly, reveal prompts for team forming. Some
team members may originate from high power distance and high institutional
collectivism cultures, which means they may be reluctant to gain control over
any aspects of team work since they prefer a leader to be in charge and set rules
and regulations. Members of low power distance culture would be enthusiastic
to have an opportunity to manage particular parts of a project without too
much control from authorities.

2.3.3 Motivation

In a virtual environment, motivation is a significant element for a successful
virtual project team. No physical contact is present in the process of coopera-
tion and depending on the backgrounds, the virtual team members’ handle this
problem differently. To be more aware of these distinctions, dimensions such as
in-group collectivism, institutional collectivism, performance orientation, and
future orientation need to be interpreted properly. For instance, in individua-
listic cultures with high performance, society rewards individual members for
performance excellence and encourages them to be more confident. This
method would not harmonize with individuals from collective cultures that
have lower performance orientations in which society rewards member and
encourages them to attend to family issues over job performance.

2.3.4 Communication

In the virtual team environment with no physical contact, communication is
dependent on information technology (Nauman and Iqbal 2005). The dimen-
sions that facilitate better understanding of the communication differences
include power distance, assertiveness, and gender egalitarianism. For instance,
members from countries that pay more attention to gender role differences,
where there are relatively few women in positions of authority, might find it
hard to cooperate with women who come from an environment with a society
that provides males and females equal opportunity. In order to improve com-
munication among the team members, behavior rules and explanations may
need to be introduced as a matter of protocol.

2.4 Implementation of the Cross Cultural Virtual Team Model
in Fictitious Environment

The CIO of a multinational technology firm was assigned the task of creating a
virtual team consisting of representatives of the company’s offices in different
countries. This cross-cultural virtual team’s purpose was to document the IT
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systems of all company divisions. About a year before this team was to be
created, the company had decided to introduce Product Lifecycle Management
(PLM). Manager responsible for creating a cross-cultural virtual team may
likely take the following actions.

First, themanagermay order a demographic analysis of the employees in his/
her company, with special interest in the following cultural influences:

� Power Distance
� In-group Collectivism
� Institutional Collectivism
� Performance Orientation
� Future Orientation
� Assertiveness
� Gender Egalitarianism.

Once the results of this demographic analysis were tallied the manager used
them and other personal measurements and past records to best choose indivi-
duals that were likely to promote the four factors of a successful virtual team;
trust, communication, control, and motivation.

Once the members of the cross-cultural virtual team were chosen, the man-
ager started working on building the four factors into the framework of the
team. The manager set up a four day conference off site. The goal of this
meeting was to introduce team members face-to-face and to jump start the
bonding process. Team building exercises were conducted to encourage trust,
motivation, control, and communication among the team members.

After the conference the team members went back to their respective coun-
tries and divisions and began working as a virtual team. The PLM technology
was in place and was available to support cross-cultural communications within
the team. The communication between members was facilitated by video con-
ferencing, e-mails, instant messaging, and phone conversations. Video confer-
encing helped the virtual team members feel as though they were in the same
room as the other individuals.

As the team matured, benefits of PLM began to improve due to the fact that
the communication, trust, control, andmotivation levels were higher than when
the team first formed. On the occasion when lack of communication occurred, it
was repaired by the trust, motivation, and control that the cross-cultural virtual
team created among its teammembers. The feedback loops in this model helped
the company create a cross-cultural virtual team that could successfully com-
plete the task and more; the team not only created a complete documentation
system per its original assignment, but it also went on to other company wide
improvement projects.

Attention to cross-cultural dimensions is important when Implementing
PLM. When using both CCVTs and PLM a multinational corporation will be
able to compete in all areas of their business. When implemented correctly
following the CCVTM both the CCVTs and the PLM approach should grow
stronger over time. An early investment in the time required to create a
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potentially successful CCVT will allow, later on, multinational corporation to
concentrate on other business objectives.

3 Product Lifecycle Management in Support of Green

Manufacturing: Addressing the Challenges of Global Climate

Change

The rapid consumption of natural resources and the growing interest in global
warming (Kharin et al. 2007) have motivated more and more companies to
change their manufacturing strategies and processes in order to become more
ecologically sound. In general, there is a desire to develop innovative manufac-
turing systems that align with green manufacturing goals.

Green manufacturing reduces or eliminates the use and generation of hazar-
dous substances throughout all phases of a product’s lifecycle (University of
Alabama 2006). In addition to being environmentally friendly, green manufac-
turing has a positive effect on the bottom line; its implementation lowers costs,
improves production lead time, and increases product quality (Noci 1995).
Green manufacturing is seen as a competitive advantage by companies who
can efficiently use financial resources, technological knowledge, and operations
to implement green manufacturing practices.

In this section of the chapter, we investigate why green manufacturing
processes are beneficial to companies and which green activities are currently
in place. A summary of financial impacts, current sustainability practices, and
regulations and policies associated with green manufacturing is presented. An
argument is made that Product Lifecycle Management (PLM) can support
green manufacturing strategic initiatives.

3.1 Background

A pilot study was conducted in which green manufacturing practices were
investigated. Six companies were selected from the Global Round Table on
Climate Change (GRTCC). According to the GRTCC website (Global Round
Table on Climate Change 2006), they bring together stakeholders from all
regions of the world to discuss and explore areas of potential consensus regard-
ing core scientific, technological, and economic issues critical to shaping sound
public policies on climate change. This study investigates green manufacturing,
the adoption of environmentally-friendly standards, and influences to the PLM
process because of green activities. As background, we provide an overview of
these aspects as well as a summary of the companies used in this study.

Green manufacturing identifies methods that minimize waste and pollution
during product design and production. Its main goal is ‘‘sustainability’’ by
reducing waste on the spot and by promoting recycling such that every
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company does it part in conserving natural resources. Green trends have

caused manufacturers’ business needs to change significantly over the past

and are projected to have an even greater impact given the challenges pre-

sented from global climate change. In fact, green technology has been identi-

fied recently as a key factor that will affect the overall success of a company

(Cimalore 2007).
Environmental standards and regulations influence organizations to follow

environmental procedures. ‘‘Organizations must comply with governmental

regulations or face immediate and severe consequences’’ (Grieves 2006). In

the past, multinational companies tended to operate with low standards

(Hassan, et al. 2002). However, more recently, some companies have joined

with others to self-regulate and to adopt polices that surpass US governmental

regulations (Christmann 2004).
Product Lifecycle Management is an integrated, information-driven

approach to improve a product’s life. It achieves efficiency by using a shared

information core system that helps a business to efficiently manage a product’s

life cycle from design to disposal (Grieves 2006). Thus, PLM support businesses

as they reduce the use of wasted materials and energy.

3.1.1 Our Companies

To obtain the six companies in this study, an initial set of 10 companies was

chosen at random. The companies were carefully inspected in order to secure

that enough information was available to conduct an analysis of the companies’

green manufacturing practices. All research is based on publicly available data

e.g., (Bayer 2006), (Bayer Sustainable Development Report 2005), (DuPont

2007), (Florida Power and Light 2007), (General Electric, 2007), (The Dow

Chemical Company 2006), (The Dow Chemical Company 2005), (Toyota

2007). The companies include:

� FPL Group, Inc. – one of the largest providers of electricity-related services.
Its principal subsidiary, Florida Power & Light Company, serves more than
8 million people along the eastern seaboard and southern portion of Florida.

� DuPont – a company operating inmore than 70 countries and offering a wide
range of innovative products and services spanning many markets.

� General Electric (GE) – a multinational company that participates in a wide
array of markets. GE is dedicated to turning imaginative ideas into products;
in 2006, it recorded revenues of $163.4 billion.

� Toyota – a multinational corporation and the second largest automaker in
the world. Toyota Corporation encompasses Toyota, Lexus, Scion, and
parts of Daihatsu brands, divisions and companies.

� The Dow Chemical Company – incorporated in 1897 and has since expanded
into over 175 countries, employs 43,000 people worldwide, and has annual
sales of $49 billion.
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� Bayer – a worldwide company that employs 106,000 employees and in 2006
had 29 million EU in net sales. Bayer’s corporate mission statement includes
the slogan, ‘‘Bayer: Science for a Better Life.’’

3.2 Financial Impacts

It is of importance to keep up with a product’s functionality and cost during the
life cycle of the product (Kimura and Kato 2003). Two of the biggest benefits
for a company to pursue green manufacturing are additional cost saving and
production increases. This is possible because a good plan enables a company to
spend less money by preventing unnecessary waste rather spending additional
money to dispose waste (e.g., zero-emission strategy). Alternatively, the com-
pany may reuse components or materials which represent more savings. Man-
agers consider improvements in environmental performance one of the basic
competitive priorities along with low operational costs and production lead
time for higher quality (Azzone and Noci 1998). Moreover, developing efficient
(and green) product and process technologies constitutes the basic cost and
ecological impact parameters. The processes drive the types of raw materials
used, worker’s health and safety, ecological risk, materials efficiency, and waste
treatment.

In order to achieve best sustainable practices, partners have to cooperate and
tap into the know-how of all parties at all stages of a product. To minimize the
risks and to secure the maximum result, all of them should be part of the value-
adding processes (Westkamper et al. 2001).

3.3 Current Sustainable Practices

A summary of the sustainability practices is provided. Sustainability has sig-
nificant potential for improving environmental friendliness while simulta-
neously driving improvements in productivity and costs.

3.3.1 Recycling and Disposal

A comprehensive recycling effort and disposal practice is crucial for reducing
waste. The emergence of product take-back legislation in Europe and current
directives in the US has forced companies to think about how to dispose their
products through efficient recycling, disassembly, and reuse. There is also a
focus on safe disposal of hazardous materials or substituting those materials for
more environmentally friendly materials (Grieves 2006).

Our companies’ recycling and disposal activities are summarized (Table 1).
An entry in the table indicates a green activity is performed; when known,
additional details are included in the cell. Dow Chemical’s main recycled
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products are their plastics. In fact, North America, Europe, and Asia are all
markets that recycle billions of pounds of plastics. Toyota uses a set of recycling
guidelines, ‘‘Toyota Recycle Vision,’’ to help minimize their negative environ-
mental impact. Toyota adjusted product design in the 2004 Sienna minivan and
the Camry Solara coupe to replace substances of concern with ‘‘greener’’
materials.

3.3.2 Energy Consumption

Energy consumption is clearly important in green manufacturing (Table 2).
‘‘The electricity industry is the single largest source of industrial pollution in the
world, and one of the largest sources of greenhouse gas emissions. Over 80% of
the world’s electricity and 90% of US electricity comes from nonrenewable
fossil and nuclear sources’’ (Starrs 2005). FLP is the US’ largest developer,
owner, and operator of wind powered generating plants. Half of the energy they
produce comes from natural gas and only 10% comes from oil.

General Electric has pursued developing engines that use an effective and
environmentally-friendly energy generation method from landfill gases. When
organic substances decompose, methane, carbon dioxide and nitrogen are
created. Landfill gas is a high-quality alternative for gas engines.

Bayer uses organic methods to create valuable energy. A new project
launched in 2005 treats sewer sludge so that bio-gas can be extracted from the

Table 1 Recycling and Disposal. This table indicates the presence of recycling activities and
active green disposal practices.

Energy

Companies Wind generator Landfill gas Conserv. Reduction in use

FPL X X X X

DuPont – – – –

GE – X – –

Toyota – – – –

Bayer – – X –

Dow – – – X

Table 2 Energy Consumption. This table indicates energy sources used and green practices
are active.

Energy

Companies Wind generator Landfill gas Conserv. Reduction in use

FPL X X X X

DuPont – – – –

GE – X – –

Toyota – – – –

Bayer – – X –

Dow – – – X
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organic content and used for energy generation. The European Commission
is supporting the development of this process as part of the ‘‘Life’’ environment
program.

Since 1994, Dow Chemical has reduced energy consumption by approxi-
mately 900 trillion BTU’s. Their current goal is a 20% reduction in the energy
needed to fabricate one pound of product.

3.3.3 Water and Air Management

Water and air management has received considerable attention (Table 3).
DuPont strives to reduce and conserve water at all international and domestic
sites. Moreover, DuPont commits to reduce water use by at least 30% over the
next ten years at global sites that are located where the renewable freshwater
supply is either scarce or stressed as determined by the United Nations. For all
other sites, DuPont holds water consumption flat on an absolute basis through
the year 2015, offsetting any increased demand from production volume growth
through conservation, reuse, and recycle.

GE’s Ecomagination program, involves financial and environmental perfor-
mance to drive the company’s growth. It has played a key role in advancing
water reuse and purification technology. GE’s improved membrane materials
and spiral-wound membrane element configurations has revitalized its water
reuse and purification system to address fouling, temperature, pH-value, and
contaminants.

Toyota’s ‘‘green’’ complex in California conserves more than 11 million
gallons water annually. The plant uses special pipelines that supply recycled
water for cooling and landscaping.

Bayer reduced water usage from 2.2 million cubic meters per day
(1994–2004) to 1.2 million cubic meters per day in 2005. The company’s
wastewater treatment plant treats contaminated water and reuses it.

Dow Chemical has made a reduction in water use by 38% since 1994. They
eliminate wastewater at the source. Dow states they are ‘‘above the goal to
reduce wastewater intensity by 50% and are committed to continue source
reduction and recycle efforts to reduce fresh water consumption.’’ Not only

Table 3 Water and Air Management. This table indicates green activities in water/air
management.

Water Air

Companies Conserv. Reuse Recycle/Treat Lower emissions

FPL – – – X

DuPont X – – X

GE – X – –

Toyota X – – X

Bayer X – – lower green house gases

Dow reduce waste water – X lower green house gases
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does Dow focus on eliminating water at the source, but they have developed

activities to recycle wastewater wherever feasible:

� Groundwater Water – created streams from underground water via wells,
� Fresh Surface Water – water captured from canals, lakes, and rivers,
� Rainwater – captured or stored rainwater,
� Site Level Recycle – on-site water is reused, avoiding new supply,
� Seawater & Brackish – surface or groundwater is captured from brackish or

seawater sources, and
� Purchased Steam and Condensate Water – use purchased water on site.

3.3.4 Products and Processes

Products and operational processes of the companies investigated have pro-

duced noteworthy environmentally friendly characteristics (Table 4). For

example, FLP joined forces with the US Climate Action Partnership

(USCAP) to ask the US Government to endorse mandatory policies to reduce

carbon dioxide emissions. FPL endorsed the Joint Statement of the GRTCC

committing itself to global action to alleviate global warming risks while meet-

ing the need for energy, economic growth, and sustainable development world-

wide. Furthermore, FLP is ambitious to become a leading green company by

using natural gas as fuel to produce 50% of their electricity. Currently, nuclear

sources constitute 20% and oil sources only produce 8% of total energy

production. FLP has added wind sources which are soon expected to bring

significant financial benefits.
Since 1994 DuPont has reduced their gas emissions measured as CO2 equiva-

lents by 72% and have reduced global air carcinogen emissions by 92%. By

2015, they plan to reduce their emissions at least 50% from a base year of 2004.

DuPont will introduce fleet vehicles which use the leading technologies for fuel

efficiency and fossil fuel alternatives. All together, this will bring DuPont’s total

reductions since 1990 to 96%.
Toyota leads the field in lowering emissions and improving fuel economy

in gasoline-powered vehicles. Toyota not only developed and produced the

Table 4 Products and Processes. This table indicates which companies have active green
products and operational processes

Product/Processes

Companies Energy efficient Fuel efficient Operational Efficient

FPL – – –

DuPont X X –

GE X X X

Toyota – X X

Bayer X – X (info availability)

Dow X – –
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world’s first mass-produced gas/electric hybrid car, but is also pioneering fuel
cell cars to further reduce air pollutants.

Bayer cut greenhouse gas emissions to 5.6 millions metric tons of CO2

equivalents in 2004 and 3.9 million metric tons of CO2 equivalents in 2005 as
explained by Bayer’s Sustainability Report for that year. In total, greenhouse
gas emissions throughout the BayerGroup decreased by over 70% from 1990 to
2005.

Dow’s production has increased by 32% since 1994, their total emissions of
CO2 have been successfully reduced by 32%. Dow has achieved this through
long-term energy efficiency improvements and by converting to more climate-
friendly technologies.

3.4 Regulations and Policies

Many companies are seeking to improve their environmental performance in
order to join consortia, associations, and projects and to comply with environ-
mental regulations (DuPont 2007). Satisfying the regulations and policies is not
easy. For example, the End of Life Vehicle (ELV) regulation requires that by
2006 all automakers in the European Union recover 85% of a vehicle’s weight
and 95% by 2015. In addition, no lead, mercury, cadmium, or hexavalent
chromium can be used after July 1, 2003.

Internal and external factors influence a company to follow environmentally
friendly standards. External factors include customers, competitors, and reg-
ulations. This last factor induces manufacturing to rapidly implement green
processes (Udomleartprasert 2004). Having environmentally friendly standards
creates a positive reputation with the public, saves cost, and promotes new
designs. Internal factors include ethical objectives and the desire to achieve
competitive advantage.

General Electric, Bayer, and Dow follow theWaste Electrical and Electronic
Equipment (WEEE) regulation when developing electronic devices. TheWEEE
directive requires manufacturers of electrical and electronic equipment to
recycle their products at no consumer cost and prohibits the use of certain
electrical materials. In addition, both Bayer and Dow abide by the RoHS
Directive which prohibits the use of certain hazardous substances in electrical
and electronic equipment. The directive bans from the EU market any new
electrical and electronic equipment containing more than agreed levels of lead,
cadmium, mercury, hexavalent chromium, polybrominated biphenyl, and poly-
brominated diphenyl ether flame retardants (RoHS 2007).

DuPont follows the International Standards Organization (ISO) and agrees
on specifications and criteria that they will consistently apply to all stages of a
product life–in the classification of materials, in the manufacture and supply of
products, in testing and analysis, and in the provision of services. To maintain
effective management systems for health and safety protection, Bayer abides to
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the Health, Safety, Environment andQuality (HSEQ). The Sarbanes-Oxley Act

of 2002 (SOX) requires all executives to certify the accuracy of their financial

statements and attest to the processes, controls, and systems used in financial

reports.
As the world moves to more standardized international regulations, organi-

zations will be required to track more information. Furthermore, integrating

stronger and efficient green activities complicates company planning. This

brings us to the next section on PLM. PLM will be an integral part of the

information systems executives will need to have in place in order to abide by

the required regulations and to develop sustainable green practices.

3.5 Product Lifecycle Management

Environmental changes and the implementation of green manufacturing

require a company to change its entire processes; from product planning and

procurement policies to production and logistics (Azzone and Noci 1998). The

PLM model, as described by (Grieves 2006) includes five major categories

(plan, design, build, support and dispose) centered by an information core

(Fig. 3). PLM is about product data, information and knowledge combined

with people, processes, and technology. PLM can benefit a company practicing

green manufacturing. For example, the information core will help a company

capture and organize information, avoid the use of illegal materials, and help

identify processes with negative environmental impact. As recently stated, ‘‘The

Eco & PLM database manages data about all stages of the product lifecycle

from procurement to disposal or recycling. This enables the evaluation of

whether the product complies with the environmental laws. It also facilitates

the recording of environmental data and makes quick product recall possible’’

(Minami et al. 2004).

Fig. 3 Relation between
green initiatives/PLM. PLM
model taken from Grieves
(2006)
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Similarities exist between environmental protection activities and the opera-
tions methods already in place throughout a product’s lifecycle. Programs
explaining how to keep pollution under control, reduce waste, or develop
green designs may also reinforce traditional operations management such as
statistical process control, total quality control and total quality management
or design for manufacturability (Burgos and Cespedes 2001).

It is essential to design the product as a whole from planning, through design
and manufacturing, to usage, maintenance and reuse/recycling/disposal. A
sound strategy for product maintenance and improvement during usage should
be established, and all the life cycle processes are to be well controlled. By such
approach, reuse/recycling activities are also rationalized, made visible, and
controllable. Such an approach, called Inverse Manufacturing, stresses the
controllability of reuse/recycling processes, closes product life cycles, including
maintenance which are also are pre-planned and controlled (Kimura and Kato
2003).

During the planning and design phases, specifications, requirements, and
functionality of a product need to be determined. The PLM information core,
not only would store data and design information to make it accessible, but also
a library of green directives and legal issues. When building a new product,
PLM can provide information on facility lay-outs and knowledge of existing
equipment. This information can pre-determine which facilities are best suited
to practice green manufacturing. The support of a product relies heavily on
sales and distribution. PLMwould provide information on warranties, product
performance, hiring practices, and other product data that would make the
support function more effective.

The disposal phase is the final stage of a product’s life. PLM provides
information on product design and material make-up which is vital for the
recycle and disposal phase. Simultaneously, methods of efficient product dis-
posal and recycling are also related to the planning and design phases of PLM.
Thus, the accessibility and information sharing that PLM provides supports
green manufacturing because not only does it assist companies’ compliance
with environmental directives and regulations, but it also greatly decreases
wasted time, energy, and materials.

3.6 Observations and Conclusions

Green manufacturing changes are not easy and they may not represent an
economic benefit in the beginning, however, they do represent a good long-
term investment. The following observations are made about the companies in
the pilot study:

� FLP, an important energy producer for the US, is engaged in substantial
green energy efforts.More than half of its energy comes from natural gas and
more green expansions are planned.
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� DuPont has committed that by 2015 it will increase revenues from energy
efficient processes and/or significantly reduce green house gas emissions.

� General Electric has become a leading company in developing green pro-
ducts and processes through their Ecomagination program. Furthermore,
GE’s belief that financial and environmental performance can work together
to drive company growth will enable them to continue to undertake the
world’s biggest environmental challenges.

� Toyota leads green efforts in the automotive industry and is working
towards a ‘‘Toyota Recycle Vision’’. Many of Toyota’s goals have been
reached due to their global earth charter that promotes environmental
responsibility throughout the entire company.

� The Dow Chemical Company implementation of energy efficient processes,
chemical recycling programs, waste water reduction, and lowered green
house gas emissions prominently demonstrate their commitment to green
manufacturing.

� Bayer is working towards sustainable development by using energy effi-
ciently, increasing water conservation, more safely disposing hazardous
wastes, and lowering green house gas emissions. Their goals are sought
with efficient resource management and future-oriented climate protection
activities.

PLM’s objectives emphasize not to waste time, energy or materials. Green

manufacturing also looks for the conservation of resources and reduction of

waste. Thus, PLM can support green manufacturing procedures by tightly

integrating such practices into the lifecycle of a product and yielding environ-

mentally friendly productions.
The environmentally-friendly practices identified indicate greenmanufactur-

ing is already a very actively pursued objective. However, to compete in a global

world and to comply with the many environmental protection regulations and

standards is not easy. The information core of PLM helps to lessen this burden

by capturing information and storing it for use by all stages of a product’s life.

This simultaneously leads to competitive advantages and environmental

friendliness.

4 Entry-Level Engineering Professionals and Product Lifecycle

Management: A Competency Model for Education

Recent decades have witnessed the burgeoning popularity of lean thinking and

its many theoretical offshoots as companies continue to look for ways to

strengthen their competitive edge. One of these, Product LifecycleManagement

(PLM), focuses on the goal of eliminating all forms of inefficiency from every

phase of themanufacturing cycle. By coordinating information technology with

organizational practices and processes, both within and across functional areas,
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PLM is able to substitute information for wasted time, energy, and material
(Grieves 2006).

PLM has piqued the interest of corporate decision-makers across the
globe. As a consequence, companies that are implementing its guidelines
can be found on nearly every continent. Furthermore, as manufacturing
giants increasingly turn to PLM, so too do their supply chain vendors. One
of the beauties of this model is its provision for the following of manufac-
tured goods past the point of purchase, through disposal and disassembly, to
the eventual reuse and recycling of a product’s component elements. Thus,
although many organizations may have initially been drawn to PLM out of
the desire for improved profits, others also see it as perhaps the only solution
capable of helping them deal with the complexities of governmental regula-
tory changes.

4.1 The Competency Model Displaces the Task-Oriented
Approach

Faced with the changing regulatory climate and the rapidly evolving global
marketplace, organizations are also grappling with the need to bring their
workforces into the future. Today’s employees are finding it necessary to
remain current with emerging technologies while simultaneously adapting
to profound shifts in the business aspects of manufacturing. Job descrip-
tions, once a corporate mainstay, are thus becoming outmoded as workers
find themselves called upon to tackle a host of new responsibilities. For
example, an editorial in the February, 2004, issue of Manufacturing
Engineering notes that manufacturing engineering (ME) professionals are
increasingly being asked to determine ‘‘make or buy’’ decisions; oversee
suppliers’ technologies, cost, delivery and quality; evaluate and improve
their suppliers’ core processes; integrate suppliers’ core processes with their
companies’ own processes; manage and deploy supply chain management
systems; and make improvements in their suppliers’ designs, processes, and
quality. The author therefore urges ME professionals to cultivate a wide
variety of new skill sets and to embrace a lifestyle of professional resilience
and personal development (Hutchins 2004).

4.2 Response from Trade-Interest Groups and Academia

Industry’s call for versatile, cross-functional employees is being heard by a
growing number of professional associations. One of these is the Accred-
itation Board for Engineering and Technology (ABET) , which responded
by implementing, in 2001, a revised list of accreditation criteria for
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engineering programs in colleges and universities. In addition to the time-

honored mandates for technical competence are new ones stating that the

graduate engineer must have the ‘‘ability to engage in life-long learning,’’ ‘‘a

knowledge of contemporary issues,’’ and ‘‘the broad education necessary to

understand the impact of engineering solutions in a global and societal

context’’(Bell 2000).
The Society of Manufacturing Engineers (SME) is another industry trade

group that likewise recognizes the need for change. Since 1997 it has been

extensively researching what it refers to as ‘‘competency gaps,’’ specific capabil-

ities that companies insist are too often lacking among their workers. Based on

its findings the SME has developed its Manufacturing Education Plan (MEP) ,

an aggressive endeavor aimed at addressing the competency shortfall. Central

to theMEP is its list of competency gaps, which has undergone several revisions

since its inception in 1997. The most recent one has designated the following

fifteen items to be the most critical deficits between what education programs

provide for their students and what manufacturers need in terms of their

workforce:

� Business knowledge/skills
� Supply chain management
� Project management
� International perspective
� Materials
� Manufacturing process control
� Product/process design
� Quality
� Specific manufacturing processes
� Manufacturing systems
� Problem solving
� Teamwork/working effectively with others
� Personal attributes
� Written and oral communication
� Engineering fundamentals. (SME and Competency Gap Research 2004)

The apparent shifting of paradigms from task orientation to one of com-

petencies in the workplace has not escaped the notice of academia. Faced with

the revised accreditation mandates from ABET, the groundswell of impor-

tance surrounding PLM, and impressive research data from interested groups

such as the SME, academe has begun test runs of innovative new curricula.

One example is a cross-disciplinary manufacturing engineering course

described by Chang and Miller of Purdue University (2005). The authors

state that the course was redesigned to meet industry’s need for a PLM-literate

workforce, and that overall, it ‘‘was very successful’’ (p. 176). They acknowl-

edge, however, that at the time of publication their course had only been
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offered once, and that further research will verify the degree of its success
among future students.

4.3 The Development of a PLM Competency Model for
Entry-Level Engineers

The purpose of this section of the chapter is to present a PLM competencymodel
that contains the elements necessary for the success of entry-level engineering
professionals who must function within a PLM environment. This project is
being ably assisted by seven highly credentialed PLM Subject Matter Experts,
all from Fortune 500 companies (i.e. Boeing, Rolls Royce, IBM, Caterpillar,
EDA, and Flexware), and all of whom are members of the Advisory Board of the
Product Lifecycle Management Center of Excellence at Purdue University. They
will define the skill objectives that are appropriate, and from these, a minimumof
200 derivative tasks will be specified. Then, from each task, thirty to forty key
skill objects will be isolated. The final list of skill objects will be used to construct a
Product Lifecycle Management competency model that also conforms to stan-
dards previously designated by the Society of Manufacturing Engineers.

The tool selected for this process is a software package titled SkillsNet,
developed in 1996. The program uses language descriptors that are common
to the Department of Labor’s Occupational Informational Network (O*Net)
in order to create a valid framework with which to define task, tools, and
knowledge requirements. These frameworks in turn are referred to by the soft-
ware as SkillObjects. The Trainer’s Guide defines SkillObject as ‘‘a re-usable
detailed description of what people do in accomplishing work’’ (SkillsObject
Trainer’s Guide, 1999–2004). A SkillObject contains the following elements: a
label or name, tasks, skills/abilities, tools/software/equipment/devices, unique
knowledge, resources, and performance standards.

In an industrial setting, the individual chosen to generate the criteria for each
SkillObject should ideally be a job incumbent who is recognized as a top-tier
performer by his or her peer group. Upon receipt of a list of SkillObjects, it then
becomes the task of the Work Element Editor to cull through each, and reduce,
according to the following guidelines:

� Eliminate task, tool, and unique knowledge redundancies
� Clarify tasks, tools, and unique knowledge so that they are understandable

to others in the occupation
� Fix spelling and grammatical errors
� Reduce the size of a task, tool, and unique knowledge list without losing

important information. (SkillsObject Trainer’s Guide, 1999–2004)

Following this initial editing process, each list will then undergo several more
revisions before its final submission to the managers or supervisors responsible
for implementation. For this study, the Subject Matter Experts will perform the
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function of the top-tier job incumbent described in the previous paragraph. The

authors will then serve as the ‘‘Work Element Editors.’’ This project is still very

much a work in progress. At the time of this writing, surveys have been
distributed and the authors await the return of data.

5 Inter-organizational Relationships in Supply ChainManagement:

A PLM-like Application in Higher Education Procurement

Changing business practices have altered traditional roles of purchasing profes-

sionals in many organizations. This is especially true in higher education where
purchasing professionals are becoming increasingly involved in most stages of

product development, in part because they can accurately predict the cost,

availability and suitability of items in question. By consulting with the purchas-
ing department in the early stages of product design, higher education organi-

zations are able to avoid, or greatly lessen, potential problems that may arise in
regards to pricing, availability, delivery, quality, and support. The need to

develop and implement effective supply chain management strategies is quickly

becoming a major factor in higher education resource allocation and a major
focus of their purchasing departments. The application of product lifecycle

management (PLM) could prove to be very beneficial in institutions of higher
education.

5.1 PLM in Higher Education

New practices have pushed higher education institutions into increasingly

complex, integrated supply contracts, making supplier selection critical due to

the increased scope and duration of these contracts. Integrated supply chains
incorporates all members of the supply chain including the supplier, transpor-

tation companies, and the university. Amajor responsibility of most purchasers
is to resolve problems that may arise with a supplier, since the success of the

relationship ultimately affects the buying firm’s productivity and performance.

Understanding the evolving relationship between supplier and buyer is a crucial
factor to success as it affects efficiency with regard to ordering and processing

orders that can be achieved in real time.
When an organization plans and executes in real time, based on a granular

view of items or case locations, speed and accuracy of information exchanged is

critical among the parties involved. By collaborating with key trading partners
in flexible planning cycles that address consumer requirements quickly, orga-

nizations become consumer-driven. Being consumer-driven places the needs of

the organization at the forefront of the supply chain with a focus on effective-
ness and efficiencies.
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In contrast, the traditional supply chain is slow and unresponsive. Instead of
basing decisions on a finely tuned view of consumer demand, it uses data that is
less consumer driven, such as warehouse withdrawals or distribution center
receipts. This type of batch data provides visibility into brand or a case-level
volume that describes what happened yesterday or last week – as opposed to
what is happening right now. What’s more, traditional supply chains operate in
a series of silos with little integration, collaboration and visibility among the
players, especially in institutions of higher education. The application of pro-
duct lifecycle management (PLM) could positively affect the supply chain
process at universities as they move toward and execute purchases based on
real time, driven by the immediate needs of the customer.

According to Grieves, ‘‘systems that enable approaches such as PLM are
developed and find a place in organizations for a fundamental reason: with
these systems, we can substitute the use of information for the inefficient use of
time, energy, and material’’ (Grieves 2006). The focus on increasing efficiencies
and the application of technology affects the development of the supply chains
at many universities.

PLM is of interest in the buyer-supplier relationship because it allows for a
holistic approach to supply chain management that utilizes technology to
aggregate buying. It leads to better understanding the big picture in regards
to commodities. Below is a summary of Grieves’ main points of PLM:

� PLM is about product data, information, and knowledge
� PLM concerns itself with the entire life of the product, from inception to end-

of-life
� PLM is an approach that is more than software and approaches
� PLM crosses functional boundaries
� PLM combines the elements of people in action, processes, and technology
� PLM drives the next generation of lean thinking.

Due to the fact that PLM brings better products to the market faster, it is
important to have established relationships with suppliers to capitalize on these
opportunities. The fact that higher education organizations are governed by
numerous state and federal statutes makes transparency in business practices
essential. PLM awareness allows for the buyer/supplier relationship to develop
to the point that integration of solutions, rather than products, becomes the
norm. According to Stark, ‘‘many companies now offer complete solutions
rather than products. This adds a new layer of challenges as solutions are
more complex to develop and support than single products’’ (Stark 2005)

5.2 The Case for PLM Higher Education

Purchasing Departments in higher education organizations are moving away
from traditional single exchange transactions toward an emphasis on creating
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and maintaining long-term buyer-supplier relationships. As strategic partners,

these relationships generate a supply chain that must be managed. They encom-

pass all the activities associated with the flow of goods and services, as well as

the flow of information. Information throughout the entire organization must

simultaneously flow both up and down the supply chain to leverage strategic

positioning and to improve efficiencies. For organizations to obtain sustain-

ability in the future they must develop a strategy for creating, maintaining, and

sustaining buyer/supplier relationships based on institutional requirements. As

stated by a Vice-President of the Boston Consulting Group, ‘‘As the economy

changes, as competition becomes more global, it is no longer company versus

company but supply chain versus supply chain’’ (Henkoff 1994).
Also of importance is the maintenance and development of the relationships

between the purchasing organization and the supplier of the goods or services

required. These relationships appear to be formulated from several different

attributes of purchasing in an organization. Duffy believes that there are seven

areas in which change is occurring that will affect the buyer-supplier relation-

ships: electronic commerce, strategic cost management, strategic sourcing,

supply chain partner selection, tactical purchasing, performance measure-

ments, strategic supplier alliances, and complexity management (Duffy 2003).
At Purdue University an Enterprise Resource Planning (ERP) initiative is

under way. The e-commerce mechanism installed by the software product

SAP allows for aggregation of buying and management of the relationship

attributes with an emphasis on partnering. This partnering effect is designed

to utilize organization wide procurement quantity pricing by including all

local divisions and regional campuses connected electronically for ease of

tracking and ordering. This makes information sharing an integral part of

the process by governing and monitoring all aspects of the procurement

process including relationship management with suppliers.

5.3 Model of Strategic Relationship

While many intuit that face to face communication will become less important

as technology enhances communication, one of the major finds of this study is

that strategic relationships require attention. Understanding the complexities of

the relationship as viewed by both the buyer and supplier is important.
In the establishment of a relationship between the buyer and supplier

there emerged several attributes that make up the core of this model. These

attributes are contextually different from the maintenance or future devel-

opment attributes that surround the establishment core attributes. They are

different in that they are specifically focused on each relationship and show

little, if any variability, as the foundation from which the relationship is

built. Whereas, the maintenance attributes surround the foundational core,
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establishment attributes will vary according to the industry, supplier’s size,

and capabilities.
The size and capabilities of a supplier are not as important when it comes

to the establishment of the buyer/supplier relationship. Honesty, commu-

nication, integrity, professionalism, delivery, follow-up, competitive pri-

cing, and willingness to go the extra effort, are regarded by the participants

of this study as key attributes in the formation or establishment of a buyer/

supplier relationship.
Honesty is regarded by one buyer ‘‘To be the ability for both parties to put all

of their cards on the table without fear of price inflation or other unethical

applications.’’ Honesty is thus viewed as the foundation upon which commu-

nications are designed and established.
Communications rely on the honesty of both the buyer and supplier in the

development of the initial relationship between the two. This communication

must attend to both the buyer’s and supplier’s needs with particular emphasis

on empathetic listening skills.
Integrity combined with honesty in communications is a fundamental ele-

ment by which both the buyer and the supplier’s representatives conduct

themselves. The honesty at which communications are conducted is indicative

of the individual’s integrality. The integrity, once developed, further personifies

Fig. 4 Supply chain strategic relationships
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the relations essence in regards to perception. This perception of honesty,
integrity, and a degree of professionalism in the communications are regarded
by participants of this research as fundamentally vital in establishing relation-
ships between the buyer and supplier.

By having this open channel of communication between the buyer and
supplier, the other core attributes of delivery, follow-up, competitive pricing,
and willingness to go to the extra effort are more effectively established through
mutual trust and information sharing.

Delivery in the core development stage of the model is primarily focused on
time and condition of product. It is essential that the supplier understand the
need of the buyer in regards to delivery.

Follow-up is the key attribute that ensures feedback is obtained and the
relationship expectations are being followed-up on. If there is a delivery pro-
blem then there needs to be an open and honest dialogue to locate the problem
and come up with a mutually beneficial solution.

Competitive pricing is the foundation from which the actual product builds.
For institutions of higher learning it is exceptionally important to ensure that
the buyers are being good stewards of the tax payers’ money. One important
way this is accomplished is through ensuring that the supplier with which the
relationship is being developed has competitive pricing.

Professionalism is another key attribute of the inner core of the model. The
sales representative and buyer both need to stay focused on the needs of the
institution and the overt objective of the relationship. By presenting one’s self in
a professional manner, one builds the relationship on these characteristics that
have a profound impact on both the buyer and supplier.

The willingness of the supplier to go to the extra effort is a summation of the
key relationship attributes for developing the relationship between buyer and
supplier. Without this effort, the rest of the attributes will not get the desired
results for either the buyer or supplier, primarily due to a lack of effort.

5.4 Performance Metrics

In institutions of higher education, there is considerable focus on aggregating
products to leverage purchases and obtain the best price. This ‘‘best price’’ is
complex in that it must now take into consideration the quantification of a long-
term relationship with a supplier. This is difficult at best, primarily due to the
challenge of measuring the solution and innovative nature of the relationship.
How the value of such a relationship is measured determines the strategic
direction supply chain management takes in higher educational institutions.
The call for developing performance metrics has been sounded.

One way of measuring effectiveness of the supply chain relationships is
through standardization of processes. This, in turn, allows for the quantifica-
tion of time, materials and energy levels expended in addition to the cost of a
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product or service. The formation and monitoring of the relationship elements
provide a mechanism for working with the suppliers to achieve maximum
effectiveness in aggregation of the purchasing function.

PLM supports the need for buyer/supplier relationships to meet the growing
pressures and demands felt by institutions of higher learning. Brown and
Duguid speak on the pressure colleges and universities feel to change to be
become more effective and efficient, ‘‘the whole system of higher education is
under pressure to change. Moreover, despite appearances to the contrary in
some ivied exteriors, colleges and universities are changing significantly. Chan-
ging the direction of organizational vessels as large as universities, however,
provides a fair amount of thrashing and churning. Consequently, it remains
hard to see the ultimate directions that educational organizations might take’’.
Since power is historically centralized in an educational institution and tech-
nology seems to dissipate distance through more effective communication, a
path must be formed to provide strategic direction. This path must steer
between a university’s centralizing tendencies and be optimistic that technology
will overcome the distance aspect and create a devolved system. This systemwill
then rely on relationships to develop future strategic directions.

6 Summary

Product Lifecycle Management, though only in its early years, has proven to
have tremendous impact. Whether trying to be first to market, improves qual-
ity, or increase customer base, PLM drives out wastes and permits the realloca-
tion of captured resources in support of product and process innovation,
resulting in potentially new revenue streams. Where once organizations con-
sidered the potential return of PLM before committing an investment, organi-
zations increasingly consider the implementation of PLM as a matter of
survival. Nonetheless, as with any change, PLM is not without its challenges,
both technical and social.
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Product Design Optimization: An

Interdisciplinary Approach

Sergio Romero Hernández and Omar Romero-Hernández

Abstract As newmarkets arise and global competition takes place, there is a need
to come up with innovative-successful projects that present the best holistic alter-
native based on customer needs and market expectations. The present research
provides a high-end technical solution to determine the best product alternative in
terms of market expectations, product & process specifications, logistic and envir-
onmental performance. The integration of this framework is oriented towards
rapid generation and evaluation of innovative products. The methodology is an
engineering design framework based on the efficient use of design tools and
computer aided design and engineering (CAD/CAE). This methodology is illu-
strated with 2 case studies: the design and development of a commercial fan and
the envisioning of an energy efficient luminary for public lighting. The implemen-
tation of thismethodology delivered a better ranked product in less time and lower
cost. The correct application of these engineering concepts can be easily extended
into almost any new product at its development stage.

Keywords Product design � CAD � CAE � Life Cycle Assessment

1 Introduction

Higher degrees of competitiveness demand worldwide companies to reconsider
its perspective about traditional design schemes. It is necessary to come up with
innovative-successful projects that present the best holistic alternative based on
customer needs and expectations. Depending on the corporate strategy of the
company the breach between what the company produces and what the market
and customers are expecting can be overcome to result in innovative product
alternatives [1]. Furthermore, cost control and product quality only sustain a
level of competitive advantage, while product or service innovation is the actual
source of competitive advantage in the global market [2].
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Several aspects should be analyzed to reach a successful design. First of all, the
objectives of the product in development should concur with the strategical
objectives of the company. Second, the time expended in the design stage should
be benchmarked against themarket standards, and the cost of development should
be as low as possible. In this sense, it should be carefully analyzed whether the
customer andmarket needs are fully considered in the product. Themanufacturing
and logistics needs of the product should also be analyzed [3]. Considerations
should not be limited to the previously mentioned but can be expanded to include
the marketing performance and the environmental impact along the life cycle of
the product.

A hierarchy of attributes is imperative in order to consider the relative weight
of each aspect during the design process. This hierarchy is typically obtained from
interviews with several members of the marketing, sales, manufacturing, and
research areas of the company. As such, developments in the design of a product
must be defined and communicated in an explicit and hierarchical manner [4].

Nowadays, the behavior of global markets for goods demands a rapid and
efficient adaptation of the products so they can meet the requirements of the
supply chain, the customers and local legislation in record time. Hence, the need
to apply an efficient stage of design and development of products that takes into
account these aspects is emphasized. A design that does not take into account
these considerations probably will present problems in further stages [5].

For any type of product, the changes required to improve its performance
will have a higher cost the later in time they are implemented. This increase in
cost will be exponential along the life cycle of the product; hence a modification
at the production stage will be hundred times higher than one at the design
stage as shown in Fig. 1. Moreover, design processes usually include several
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trial-and-error attempts oriented to tackle fine-tuning issues that take place
during the manufacturing process design, where unforeseen dimensional errors
occur. These trial-and-error attempts can be fastened with the use of simulation
models and variability analysis [6].

In a traditional product design and development process (PDD), satisfaction
of customer needs is achieved by the development of engineering specifications
that aid the generation of several product concepts and the further selection and
refinement of one of them (Fig. 2). This traditional generation and selection
process is usually accelerated with the use of template-based environments were
design calculations, component search, machine selection and preliminary cost
are integrated into a relational database [7]. Usually the process concentrates in
developing the best solution based on the operational performance of the
product and its manufacture and/or assembly. Nevertheless, there are impor-
tant aspects that are often overlooked, such as the environmental impact that
the product will have along its life cycle or the logistic performance of the
production, distribution and final disposition of the product [8].

A significant problemarises in the PDDprocess: market dynamics demand for
fast and lean solutions. As such, the framework proposed in this work considers a
series of product innovations which account for specific customer needs. The
main objective of the proposed framework is to conduct rapid evaluations in
order to determine those alternatives that satisfy both customer and manufac-
turer requirements. Moreover, this framework helps determine the most ade-
quate environmental and logistic alternative for the design of a new product.

The interdisciplinary approach presented in this article receives inputs from
various areas such as marketing, production, logistics and R&D. An efficient
manner to deal with all this information lies in the utilization of efficient models
that conceptualizes both holistic and component views in compact packages. At
least two of these detailed models can be found in the literature [9].

2 Methodology

The Romero-Romero methodology (R-R) is based in a recursive process that
on each iteration develops a new model of the product. In order to apply it, the
corporate strategy has to be properly defined, as well as the mission statement
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for the new product. Customer needs should be properly identified, and engi-

neering requirements of the product should be developed to satisfy them. The

previous tasks can be performed by aims of marketing studies, analysis of the

supply chain of the product, analysis of the processes affecting the product,

and finally a legal analysis of the normativity and intellectual property regard-

ing the new product. Once this information has been gathered, it is necessary to

conduct a priorization of the product features and requirements. Most compa-

nies have used diverse methods to successfully carry out this priorization, most

of them based in multiple-criteria decision tools [10]. The Quality Function

Deployment methodology [8] can be used to conduct this correlation. The

application of this methodology will result in a House of Quality that will

work as a roadmap for the design process. Then, a first proposal of the product

design can be developed by conventional means, such as the traditional PDD

process presented in a previous section.
The methodology shown in this article is an engineering design framework

based on design tools and computer aided design and engineering (CAD/

CAE) (Fig. 3). This framework integrates not only manufacturability and cost

issues but also two other fundamental aspects: environmental and logistic

performance of the product along its life cycle. Based on these two perfor-

mance aspects and with the use of analytical tools it is possible to envision

and develop advance product designs that comply with market and usability

objectives, while achieving lower environmental impacts and lower transpor-

tation costs.
For each iteration there will be a comparison between the last evolution of the

design and the one before. From those comparisons trouble areas andweaknesses
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in the product are identified. At the end of each iteration the environmental and

logistics team propose a ‘‘wish list’’ of improvements, which are usually presented

in a ranking of design modifications. At the end of each iteration there is a re-

assessment of the design requirements.
As part of this framework, Life Cycle Assessments (LCA) have to be per-

formed in order to identify: (i) the most adequate raw material, (ii) opportunity

areas for low energy consumption and (iii) the most convenient number and

shape of components in order to facilitate recyclability, remanufacturability

and reusability (Fig. 4). The LCA also considered transportation and logistic

issues such as (i) the effect of design size, weight and shape on storage capability

or (ii) the effect of storage capability on cost and environmental impact.

Furthermore, social aspects were also considered and integrated as design

constraints since the conception stage. As such, designs were subject to a

minimum use of hazardous materials as established in a risk assessment evalua-

tion (also performed by the authors), based onMackay III fugacity models and

official US toxicity values. [11, 12, 13, 14]
The logistic assessment of product performance is based on an analysis of the

expected supply chain of the product (Fig. 5). In a forward logistics assessment,

the metrics for evaluation are the portability features of the product and its

packaging (weight, volume, and stacking capability), as well as the reliability,

cost and quality of the different suppliers of rawmaterials and parts.Moreover,

environmental and logistic issues can be evaluated along the supply chain in

order to identify process alternatives that lead to lower environmental impacts

and consequently, to greener products [15, 16].
Suggestions from different assessment groups are collected by a multidisci-

plinary team that discriminates them and translates a selected few into design

changes that will be passed on to the design team for implementation into the

product. In order to keep control of the changes the authors recommend limit-

ing the maximum number of changes per iteration to five.

Fig. 4 Environmental assessment
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3 Case Studies

3.1 Case 1: Development of a Table Fan

The following figures and tables correspond to a case study developed by the
authors in order to design, develop and optimize a table fan. This product was

requested in theMexican market, so the new design took into account (i) design

for manufacturability, (ii) design for the environment, (iii) design for logistics,

and (iv) design for sustainability under a PLM scheme [10]. The table fan was

designed from a series of inputs: market study, analysis of competitors, inter-
views with experts of various departments such as manufacturing, logistics,

CAD and environmental engineering.
At the top of the methodology lies the corporate strategy and the product’s

mission. Afterwards, a detailed examination of all characteristics and con-

straints of the new product was carried. This examination was based on market

analysis, an understanding of the supply chain and knowledge of legislation,
environmental and health restrictions. All attributes are ranked in order to

communicate its relative importance (Table 1).
This information is also associated to engineering requirements (perfor-

mance metrics) and translated into a priority matrix – a house of quality, as

illustrated in Fig. 6 [8]. The house of quality correlates customer needs with
engineering requirements in a hierarchical manner. Several designs can be

generated in a first stage, and then an iterative process takes place to select

and develop one of them until a first generation of the product is obtained [16].
A series of technical constraints and specifications are consideredmandatory

for the design:

1. Blade diameters must be 40 cm
2. Electricity input must be 110 V

Fig. 5 Logistics assessment
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Table 1 Priorization of design needs for the table fan

Attribute Percent Ranking

Low noise 11.50%

Good Packaging 8.00%

Lightweight 8.00%

Multi-speed 7.50%

Oscillation 7.50%

Assembly time 7.50%

No vibration 7.00%

Stackable 7.00%

Recyclable 7.00%

Built ‘In-house’ 6.50%

Low manufacturing energy 6.50%

Tilting 6.00%

Reduced material 6.00%

Re-usable 4.00%

Fig. 6 House of quality for a table fan
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3. Fan’s size must be under 60 cm from the base to the end of the blades’ house.
4. Fan’s weight must be under 7.5 kg
5. Fan’s base must not exceed 50 cm in diameter
6. Engine must supply at least 60W and must be provided by a qualified

supplier.

The first two constraints are based on the Mexican standard NMX-J-016,

while the rest of the specifications were provided by the marketing and the

design departments. It should be kept in mind that not meeting these specifica-

tions will lead to a less attractive product.
The first design was developed by aims of computer aided engineering

software used in the company for the design of all its family of products:

Unigraphics NX3. The first design is presented in Fig. 7.
It is important to note that the first iteration came up after undertaking a

traditional methodology for product design. First of all, clients’ needs were

identified and expressed in terms of engineering specifications, which in turn led

to concept generation. These inputs represented the base to the following

activities: concept selection, product architecture and detailed design imple-

mented in CAD [5].
TheR-Rmethodologywas then applied in order to improve the initial design.

This iterative methodology compromises the new design in terms of aspects such

as manufacturability, environmental performance, and logistic implications.

A wish list of improvement ideas based on these three aspects was generated

and used as a list for trial and evaluation attempts. Furthermore, design para-

meters were reviewed in order to narrow the universe of new possible changes.

Conflict on the scope of improvement decisions during the iterative process were

solved based on the hierarchy of product attributes presented on Table 1.

Fig. 7 First generation of table fan
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The following sections illustrate the environmental and logistic assessments

to improve the performance of the product as evaluated for each iteration.

3.1.1 First Iteration-Environmental Performance

For the environmental evaluation of the first iteration, a life cycle assessment

(LCA) was performed. The methodology of the life cycle assessment is inte-

grated in an international standardized frame as specified in the family of

standards ISO 14040. [14]. LCA is a methodology commonly used in environ-

mental engineering for the environmental evaluation of products and processes

taking into account their whole life cycle: extraction of raw materials, manu-

facture, distribution use, recycling process, and final disposition of the product.

This methodology is composed by (i) definition of the system, objectives and

scope, (ii) an inventory of emissions obtained by energy and material balances,

(iii) a stage of environmental evaluation that takes into account a series of

aspects like global warming and resource consumption, among others, and (iv)

identification of improvements to the system [16]
Based on the aforementioned standards, in the practical application pre-

sented in this article the following system was defined (Fig. 8): First, raw

material is extracted and processed (High density polyethylene, HPDE; low

density polyethylene, LDPE; polypropylene, PP; Aluminum, Al; cardboard

and polystyrene) so it can be ready for production; afterwards, it is transported

to the plant, where it is transformed by means of diverse injection processes

which are needed to manufacture some pieces of the fan; after this, the assemble

and packaging is done; then, the fan is transported to the point of sale, from

there to the consuming place, where it has a specific operational life (approxi-

mately 5,000 hours); finally it is transported to its respective place for final

disposition (landfill or recycling). The developed equations for the material

and energy balances, as well as for the correlations that determine the inventory

of total emissions and the calculations for the relative environmental impact are

available upon request.

Transportation

Fabrication 
Process

HDPE

Cardboard

Aluminium

PP

LDPE

PS

Fan Use Final Disposition

RAW MATERIALS ENERGY CONSUMPTION

CONSUMPTION OF MATERIAL RESOURCES

Transportation Transportation

 

Fig. 8 System for environmental assessment
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Mass and energy balances were performed with the use of a calculus spread-

sheet and GaBi 4.0, a commercial software for life cycle assessments. These

activities led to an inventory of emissions, with information on the type and

amount of materials and energy produced and consumed. Main results are

presented in four different categories:

1. Total: addition of the other three categories.
2. Fan production: includes emissions of the extraction of the raw material, the

transportation of the raw material to the plant, the manufacture of the fan
and the distribution to the sale points.

3. Fan use: includes exclusively emissions from the useful life of the fan by the
costumer.

4. Fan disposal: includes emissions from the final disposition of all parts that
constitute the fan (including packaging material)

This LCA had two fundamental objectives: first, to determine if an emission

of pollutants that was not allowed by regional law existed in the process;

second, to identify the process stage in which the highest environmental impact

existed; in order to direct modifications on product’s design, especially on those

activities associated to the highest environmental impacts.
The main indicators related to environmental impact were the following:

Potential contribution to greenhouse effect (Global Warming Potential,

GWP), Depletion of natural resources (Abiotic Depletion, AD) and Human

Toxicity (HT). Fig. 9 illustrates the relative GWP associated to major trans-

formation processes. As such, the X-axis represents a series of processes, such

as (i) energy consumption, (ii) production and transformation of materials

(LDPE, HDPE, PP and Aluminum) and the rest of processes involved in the

LCA. It can be seen that the stage that contributes the most to the GWP

environmental impact is the fan use by the consumer, which is basically due

to energy consumption (electricity). This contribution represents approxi-

mately 95% of the total emissions related to the life cycle of the product.

In other words, the energy consumption that is required during the useful life

of the fan is responsible for the largest environmental impact related to the

product.

Percent Contribution to GWP

95.5

2.11
1.28

0.459 0.32 0.331

0.1

1

10

100

Energy
Consumption

LDPE HDPE PP Aluminium Other
processes

%

Fig. 9 LCA results for first
generation of the design
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As such, efforts on a new design were oriented to obtain a product of less
electrical consumption, and in particular to the implementation of a new engine
with lower requirements of consumption and power.

It is important to mention that other obvious changes like a design of less
material would also have a positive impact. Nevertheless the LCA showed that
this change represents a small percentage of the global emissions and does not
justify its incorporation into the first iteration of the process.

3.1.2 First Iteration- Logistic Performance

This section presents a supply chain analysis related to the fan – from raw
materials procurement to end product delivery.Weight logistic variables related
to product design are presented in Table 2.

The ranking of the suppliers was obtained after performing a weighted
average of the following criteria: price of raw material, average lead time, and
quality of raw materials. A mathematical model was developed for this in order
to understand the effect of each variable on the general ranking and conse-
quently find the most convenient provider.

The mathematical model for the weighted average was devised as the addi-
tion of the weighted values for distance, cost and historic performance of
suppliers. The resulting equations lead to a comprehensive and clear set of
values that can be easily interpreted by all members in the design team. The
following formula represents suppliers ranking:

Weighted ranking ¼ A:fðxÞ þ B � gðyÞ þ C � hðzÞ (1)

where

A¼weight value assigned to distance
B¼weight value assigned to cost
C¼ historic weight given on previous rankings.

Table 2 Logistic aspects – First iteration

General aspects Units

Net total weight 5874 Grams

Number of parts 20 Pieces

Logistics

Package size

Length 500 Centimeter

Width 500 Centimeter

Height 350 Centimeter

Maximum Stacking 6 Boxes

Package weight 950 Grams

Total weight 6824 Grams

Suppliers rank 8.0
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Weighted values assigned to the constants in this work are based on current
hierarchies as reported previously on Table 1. As such: A¼ 0.25, B¼ 0.45,
C¼ 0.30

The functions f(x), g(y) y h(z) were proposed in order to obtain rankings on
the same order of magnitude (between 0 and 10) so they could be compared.

The function f(x) decreases at a decreasing rate. Three points define the
parabolic shape of this function:

1. 0 km equals 10 points (none of the suppliers reaches this value)
2. 1000 km equals 0 points (suppliers must be based within this distance)
3. 160 km equals 7.5 points (average distance considering all potential suppliers).

fðxÞ ¼ 6:6964� 10�6x2 � 0:0167xþ 10 (2)

where x¼ distance.
The function g(y) is also a function that decreases at a decreasing rate. Three

points define this function:

1. A cost of zero equals 10 points (none of the suppliers reaches this mark)
2. There is an asymptotic limit on 0 points (i.e., the cost reaches an infinite value)
3. A cost of $ 13.21 equals 7.5 points (13.21 is the average price).

gðyÞ ¼ 396:3

ðyþ 39:63Þ (3)

y¼ cost of raw material as given by each supplier
The function h(z) is a function that increases at a decreasing rate. Three

points define this function:

1. 50 points equals a ranking of 9 (currently, this is the maximum rank)
2. There is an asymptotic limit on 10 points (none of the suppliers reaches this

mark)
3. 0 points equals a ranking of 0.

hðzÞ ¼ �55
ðzþ 5:5Þ þ 10 (4)

where z¼ total points based on suppliers history.
Results presented in Tables 1 and 2 suggest that logistic improving is directly

related to product packaging. Thus, a series of modifications were proposed in
product design in order to reduce package size and net weight.

Design improvements in terms of weight, resource depletion and energy con-
sumption were incorporated into the fan’s second generation. There was only one
constraint that could not be modified: the fan’s engine. The reason was that the
supplier had previously negotiated a long term supply contract.Moreover, engines
are provided by a qualified supplier. The new design is illustrated in Fig. 10.
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3.1.3 Second, Third, and Fourth Iterations

The new generation performed better in terms of materials consumption
(resource depletion). Similar conclusions to those presented in the first genera-
tion were reached in the second generation. This is due to the fact that changes
adopted in other categories outweighed environmental performance (see
Table 1). Figure 11 presents the relative GWP impact of production and
transformations of materials (LDPE, HDPE, PP), Fuel consumption (diesel),
and Energy evaluated for the third generation of the fan design.

Logistic changes adopted for the second generation were performed. Major
improvements were concentrated in four areas: package weight, fan’s net
weight, package’s height, and stacking number. The changes on the design

Fig. 10 Second generation of table fan
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Fig. 11 LCI of the third generation of table fan, percentage contribution to GWP
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allowed for a reduction of 8% in energy consumption due to a change in the

electric motor. Moreover, there was a reduction of 5% in the energy required to

produce the fan, due to the changes in mass to the components.
The iterative process presented in this section was conducted until a fourth

generation that compromised major attributes was reached. A final design for

this product involved significant advantages such as a new record on design

time, lower material consumption, lower weight and higher stacking number.

Table 3 presents a comparison of total improvements along design generations.

The final design is illustrated in Fig. 12.
From the results presented in Table 3, it can be appreciated that all logistic

and environmental aspects assessed suffered an improvement. The most sig-

nificant result from the logistics evaluation is the increase on the number of

Table 3 Overall improvements to table fan

Analyzed attribute
1st
Generation

4th
Generation Difference

% of
Improvement

Net Weight 5,915 g 4,319 g 1,596 g 27 %

Packaging weight 950 g 815 g 135 g 14 %

# stacking 6 boxes 11 boxes 5 boxes 83 %

Volume Packaging 87,500 cm3 63,000 cm3 24,500 cm3 28 %

In House Fabrication 75 % 75 % 0 0 %

Pondered ranking of suppliers 7.70 points 7.89 points 0.19 points 2.5 %

Energy consumption of fan 70 W 66 W 4 W 5.7%

Equivalent emissions of
CO2 (GWP)

266 kg 225 kg 41 kg 15%

Equivalent consumption of
Sb (AB)

1.67 kg 1.40 kg 0.27 kg 16%

Fig. 12 Final generation of table fan
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items that can be stacked for transportation, it went from 6 to 11, which
represents an 83% increase. Design changes on the base and fan guards allowed
for an important reduction in the net weight of the fan, as well as a reduction in
material consumption to produce those parts. These modifications are reflected
on a lower expenditure on raw materials, a reduced amount of energy required
for its processing, and consequently a lower level of emission of GWP gases.

3.2 Case 2: Development of a Lamp for Street Lighting

The R-R methodology was also applied in the development of a highly-energy-
efficient lamp for street lighting. As was presented in the previous section, the
first step in the design process includes the definition of the mission statement of
the product. The lamp mission statement declared that the product was envi-
sioned to work either connected to the main electrical grid or (due to its high
energy efficiency) in an independent manner connected to a solar panel, con-
troller, and set of batteries.

There were several technical constraints regarding the development of the
lamp: (i) the assembly of the lamp should be easy, not relying on complex
technologies, (ii) the lamp should be able to be mounted on all commercial
street posts, (iii) the lamp should be able to operate under conditions of low
solar radiation (December and January in the northern hemisphere), (iv) the
lamp should be able to stand adverse environmental conditions (humidity,
salinity, wind, extreme temperatures, etc.) during its life cycle, and (v) the
lamp should meet the Mexican illumination standards NOM-001.

A typical supply chain for public lighting systems is shown in Fig. 13; each
member of the chain has different needs and requires different features of the
product to fulfill them. It should be noted that in accord to the holistic design
philosophy of the R-R methodology, all members are considered customers of
the product.

According to a series of interviews with different participants of the supply
chain the needs were identified as features that the product should have regard-
less of the technological solution. These needs were first ordered according to
Table 4.

The needs listed in Table 4 can be grouped in two large categories: those
related to the interaction with the lamp and those related to the performance of
the product during use. A new series of interviews and focus groups were

Producer / 
Integrator of 

public lighting 
systems 

Construction 
Company 

 
Installer 

 
Final User Major  

Distributor 

Fig. 13 Supply chain for public lighting systems
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conducted in order to further detail the needs, especially those relating to the

performance of the product. These needs were ordered according to their

importance, where level 3 needs are critical for the customer, level 2 needs are

of medium importance, and level 1 needs are desirable features (Table 5).
Engineering requirements were developed to satisfy the needs the customer is

expecting from the lamp. This was performed in a similar manner as for the

table fan presented previously. Once the requirements were established, a

benchmark was conducted by analyzing the existing products in the Mexican

Table 4 Needs of different participants of the supply chain

Needs

Producer /
Integrator

The availability and continuity in the market of third party components
should be ensured

Parts should be efficiently stored

Major Distributor Easy to transport

Stock availability with the producer

Availability of credits and discount policy

Construction
Company

Financial justification of the investment

Ensure warranty and maintenance after sell

Meet international standards

Installer Comfortable and rapid installation

Avoid extra costs during installation

Protect the equipment against rough use and accidents

Final User Obtain enough luminescent performance compared to traditional
lighting technologies

Reduce maintenance and avoid replacements

Avoid blackouts

Avoid the stealing of the equipment

Reduce the electrical consumption and the costs associated to operation
and maintenance

Table 5 Performance needs for street lamp

Need No. Need description Hierarchy

1 The lamp is on all night 3

2 The lamp works even in cloudy days 2

3 The equipment is installed high from ground 3

4 Long life of components 3

5 Affordable prices 3

6 The illumination meets the Mexican standards NOM-001 2

7 Attractive and modern appearance 1

8 Low maintenance 3

9 Easy installation using standard tools 2

10 Detailed technical information of components 3

11 Clear manuals of operation and maintenance 3
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market that were competitors to the street lamp. Since none of these solutions

were satisfactory for the design team it was decided to develop a new product

concept.
A product concept is an approximate description of the technology, opera-

tion, and shape of a product: this concept represents how the product will meet

the needs of the customer. In order to develop a concept, it is necessary to vision

the product as a series of connected functions (or sub products) that work

together. The process of defining these functions is known as functional decom-

position and helps identify the critical functions that the product has to perform

to translate them later on into features of the product. For the solar street lamp

the functional decomposition is depicted in Fig. 14.
From the functional decomposition three critical functions were identified,

namely: ‘‘conversion of solar to electric energy’’, ‘‘storage of electric energy’’ and

‘‘conversion of electric to luminescent energy’’. From the definition of the

product presented above, the conversion of solar to electric energy was selected

to be by means of a set of photovoltaic (PV) panels commercially available. The

options of PV panels available in the market vary depending on the price,

conversion efficiency, light sensitivity and warranty. Several potential suppliers

were identified offering different technologies such as mono-crystalline, poly-

crystalline, or amorphous PV panels. The selection of the best suited PV panel

was not based only on the previous characteristics but also on its integration to

the whole system, since it was found that although the amorphous panels

provide the best energy performance, they require a larger area than the other

options hence complicating the installation. Moreover, it was also necessary to
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Fig. 14 Functional decomposition of the lamp
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consider the reliability of the suppliers; consequently the selection was to use

crystalline PV panels.
A solar powered system for lighting presents an interesting problem in

terms of energy management; during daylight the PV panels will generate

electric energy that needs to be stored for its use during the night. The best

available technology for storing electric energy is the use of batteries; hence,

like in the PV panel selection, a reliable battery was selected. The selection

criteria for the batteries were the expected lifetime (directly linked to main-

tenance cycles) and the energy capacity. The development team decided to use

sealed batteries with a large energy capacity in order to reduce wiring and

connection complexity.
The third function, conversion of electric to luminescent energy, was con-

sidered critical for the development process of the system. It was found that

the competitors used either gas discharge lamps (specifically sodium oxide) or

fluorescent tubes. Although the gas discharge lamps offered good luminescence

to energy ratio, the light emission is omni directional and distinctively yellow in

color; in other words not all the light produced goes to the street surface, and it

is not possible to have a good color differentiation. The fluorescent tubes do

not have a good light penetration nor meet the Mexican standards for street

lighting. Since none of these alternatives were satisfactory for the design team it

was decided to develop a new solution based on Light Emitting Diodes

(LEDS). A LED is a source of highly directional light with an opening angle

of only 78, in other words a single LED at a height of 8 m will illuminate a circle

of 1 m diameter. Clearly this presented an issue since in street lighting systems

the area to be illuminated is a circle of 10 m radius (314 m2). The design team

developed a solution to orient an arrangement of LEDs in a semi-spherical

manner in order to cover the working area. This development was registered

with the World Intellectual Property Organization (WIPO) and is sketched in

Fig. 15.

Fig. 15 Concept sketch of
the orientation of LEDs (By
courtesy of Grupo ECOS
Innovations 1)
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The LED arrangement was mounted in a commercial enclosure to test its

lighting efficiency, ease ofmanufacture and assembly, energy consumption, and

selection of materials. This resulted in a physical prototype as shown in Fig. 16.
The R-R methodology was applied to this product concept in order to

optimize its operational, environmental, and logistic performance. After

4 cycles of optimization there were improvements in the ranking of suppliers,

the energy to luminescence ratio, the amount of recyclable materials in the

lamp, the energy consumed during production, and the mounting arrangement

for the system, among others. Due to confidential purposes, specific technical

data cannot be presented in this paper.
The design was optimized to fit a cobra-head type of enclosure that presented

the best protection against adverse environmental conditions (rain, humidity,

dust, etc.) while improving the ease of assembly and installation. Figure 17

presents a close up of the final LEDs-enclosure arrangement.

Fig. 16 Physical prototype
of LED based lamp (By
courtesy of Grupo ECOS
Innovations 1)

Fig. 17 Final lamp close up
(By courtesy of ECOS
Innovations 1)
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Once the three critical functions were solved it was important to integrate

them into a system that could be mounted into most commercially available

posts. This is a design requirement since the system is intended to be used in

several geographical locations within Mexico. A schematic of the mounting

system is presented in Fig. 18.
The system for street lighting was selected by the government of Mexico

City to be used in a linear park. More than 150 lamps were installed and have

been functioning with no malfunctionings or maintenance for over two years.

Figure 19 shows a view of the park.

Fig. 18 Schematic of the
mounting system for the
street lamp (By courtesy
of Grupo ECOS
Innovations 1)

Fig. 19 Solar powered street
lamps at linear park in
Mexico City (By courtesy of
ECOS Innovations 1)
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4 Conclusion

Developing concepts in order to satisfy consumer needs does not represent a

sustainable competitive advantage. It is mandatory to innovate and generate

flexible concepts within record timing and minimum cost.
Innovative and integrating engineering designs and environmental and logis-

tic issues within a single framework represent a useful alternative to come up

with optimum product designs at a faster speed than with a traditional trial and

error scheme. Multivariable decision making can be accomplished with the use

of constrained parameterization. Hence, as long as manufacturing, environ-

mental and logistic interaction are expressed in terms of equations, the innova-

tive design process is facilitated.
This framework was successfully applied into various product-process sys-

tems. A comprehensive diagram of both frameworks was presented. The main

results showed that an optimized design can be achieved in the early stages of

the design process, by combining computer aided tools for design, analysis,

and predictions in a feed-back process loop. This methodology allows for the

conception of a successful prototype in a ‘‘do it right the first time’’ manner.

Furthermore, the mathematical framework showed trade-offs between higher

inputs (electricity, steams, and steel) and lower discharge limits (considering not

only the production process but also the need for a waste-treatment plant).
The conceptual design of a commercial fan serves as a means to illustrate the

methodology and the advantages of a holistic design. After reviewing results

from the first to the fourth iterations it is clear that design parameters vary

within a range. As such, trade-offs within parameters occur, which in turn are

evaluated with the QFD matrix.
The methodology was also applied in the design and development of a solar

powered system for street lighting in Mexico City. Four cycles of optimization

were performed resulting in improvements in the ranking of suppliers, the

energy to luminescence ratio, the amount of recyclable materials in the lamp,

the energy consumed during production and the mounting arrangement for the

system, among others.
More specific results are available upon request. So far, the application of the

aforementioned methodology allowed for the design, test, manufacture and

launch in almost half the time (and 40% cheaper) compared to traditional

schemes. Furthermore, the application of this methodology, which is fully

based on PLM concepts, delivered a better ranked product in less time and at

a lower cost. The correct application of these engineering concepts combined

with PLM can be easily extended into almost any new product at its develop-

ment stage.
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[14] International Organization for Standardization (ISO) (1997) ISO 14040 Environmental
Management – Life Cycle Assessment – Principles and Framework ISO 14040 E

[15] Michelsen O, Magerholm Fet A, Dahlsrud A (2006) Eco-efficiency in Extended Supply
Chain: A Case Study on Furniture Production. Journal of Environmental Management
79: 290
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A Comprehensive Business Approach to Product

Realization Using Service Oriented Architecture

Vijay Srinivasan

Abstract A comprehensive business approach to product realization involves
tackling both business and technical issues. As business executives focus on
innovation – both in products and in business models to realize these products –
as a means to increase revenue and profit, they have identified collaboration
and partnership with external players as keys to their success. They want
flexibility and responsiveness in sharing and exchanging sensitive product
information across a global network of partners, but feel that they have not
yet been able to achieve their goals. A technical solution to this problem may
well be provided by the convergence of three recent developments: maturity of
standardized product models and processes, emergence of service oriented
architecture for information sharing, and availability of middleware to imple-
ment them. This paper describes the results of a recent business and market
research in identifying the problems facing business executives, and an informa-
tion sharing architecture with service orientation for product realization to
solve some of their problems.

Keywords Innovation � Product realization � Product development � Product
Lifecycle Management � Information technology � Standards � Services
Oriented Architecture (SOA) � Middleware

1 Introduction

Business leaders make tough decisions every day, usually without the benefit of
all the information they would like to have. For example, let’s assume that in an
industrial firm the engineering department has proposed a change to a top-selling
product. The change will make the product better, but at what cost? How many
parts in inventory will be made obsolete? What new tooling will need to be
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designed and developed, and how long will it take? What customers will be
affected, and how are they likely to respond? In short, is there more risk than
reward in making the change? Such questions arise in any comprehensive
approach to product realization.

Traditionally, answering these questions has required information from Pro-
duct Lifecycle Management (PLM), Enterprise Resource Planning (ERP), Cus-
tomer Relationship Management (CRM), Supply Chain Management (SCM),
and in some cases plant floor Manufacturing Execution System (MES). This
information, however, was usually available only through complex manual data
compilation and analysis. Finding the answers could take weeks, time that is not
often available or that could give a competitor an advantage in the marketplace.

But profound changes in information technology infrastructures are chan-
ging this paradigm. A powerful new approach to Information Technology (IT)
known as Service Oriented Architecture (SOA) is promising to break down the
barriers between IT systems and applications to deliver actionable business
intelligence in ways never before possible. The combination of SOA with
PLM seems to be especially powerful, enabling greater insight into the business
impact of engineering decisions, facilitating collaboration with external part-
ners regardless of the systems and applications they have chosen, and leveraging
legacy PLM investments while reducing the cost and complexity of deploying
new or updated applications. As CIMdata recently observed, ‘‘SOA can sig-
nificantly reduce a (user’s) exposure to costly upgrades and deployment
expenses and will preserve their tailored implementations’’ [1]. Moreover,
SOA offers the potential for companies to empower the investment they have
already made in PLM, transforming it from a tool used primarily by product
engineers into a powerful business decision support enabler that allows users to
react quickly to sharp changes in market direction – or to initiate changes the
rest of the market must scramble to match.

To understand how and why PLM is poised to become a key driver of
competitive business advantage, it is important to first understand the forces at
work in the market, the forces at work on PLM, and how the two are converging
to give business leaders the required power to innovate their businesses. In
Section 2 we focus on the business drive for innovation. This leads to the
importance of a global network of partners in Section 3. SOA is discussed briefly
in Section 4 as a technical solution to the information sharing problem. Section 5
addresses the application of SOA to PLM. The resulting business benefits are
outlined in Section 6, before Section 7 summarizes and concludes the paper.

2 Business Drive for Innovation

Today, Chief Executive Officers (CEOs) are concerned with the same business
objectives that have consumed them through the ages, including revenue growth,
cost reduction, asset utilization, and risk management. But how CEOs expect to
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achieve these business objectives has made a radical shift. For several years,

CEOs have focused on product innovation as a driver of competitive advantage,

recognizing that innovation is ameans to achieving all those other goals. ‘‘Wewill

fight our battles not on the low road to commoditization,’’ said Howard Singer,

Chairman and CEO of Sony Corporation, ‘‘but on the high road of innovation’’

[2]. Jeffrey Immelt, Chairman and CEO of GE Corporation, recently remarked

‘‘Constant reinvention is the central necessity at GE. . . We’re all just a moment

away from commodity hell’’ [3]. Ed Zander, Chairman and CEO of Motorola

quipped ‘‘All I have done since I got here is focus on one word: innovation’’ [4].
Recently, however, their understanding of what enables innovation has

changed, leading to a new focus not just on innovating products and services,

but also on innovating the business processes and business models that influ-

ence the creation of innovative products. Simply put, innovation looks for new

ways to make money, because old ways may not work anymore. This new focus

on innovating not just products, but how products are created and commercia-

lized, is a reaction to rapidly accelerating change. In a world where competitors

can emerge overnight from anywhere on the globe and breakthrough innova-

tion can fundamentally shift the competitive landscape, the ability to continu-

ally scan the horizon for threats and opportunities and then change directions

quickly to meet or seize them has become paramount.
In a recent IBM Global CEO Study published in 2006 [5], 87% of respon-

dents said their organizations will require fundamental change to succeed in

driving innovation in the next two years (see Fig. 1). This survey population

included 765 CEOs, business executives, and public sector leaders from 20

different industries and 11 geographic regions, both from mature markets and

from important developing markets such as China, India, Eastern Europe, and

Latin America. More than 80% said their organizations traditionally have been

largely unsuccessful in managing change in the past, and only one in ten CEOs

Fig. 1 Extent of
fundamental change needed
over the next two years
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believed their organization had the ability to respond to rapidly changing
market conditions.

The CEOs also recognize the important role that the integration of business
and technology plays to improve the flexibility and responsiveness of their
organizations. Nearly 80% of CEOs responding to the IBM survey rated
business and technology integration of great importance – but only half said
they are executing at the levels required, leading to an ‘integration gap’ illu-
strated in Fig. 2. This failure is costly: ‘Extensive integrators’ reported three
times the revenue increases of less integrated companies. IBM’s own financial
comparisons estimate that ‘extensive integrators’ grow revenues five percent
faster than their competitors.

3 A Network of Partnership

In the same IBM Global CEO Study of 2006 [5], major strategic partnerships
topped the list of significant business model innovations. As global connectivity
reduces collaboration and transaction costs, companies are taking advantage of
the expertise and scale beyond the boundaries of their organizations. They are
assembling groupings of ‘‘specialized’’ capabilities, combining, for example,
internal expertise and scale through shared services centers with the capabilities
of specialized partners to create innovative business models and processes.

When asked which sources their companies relied on for their most signifi-
cant innovative ideas, CEOs’ responses held some surprises. Business partners
were near the top of the list, just behind the general employee population.
External sources are not only prevalent in the ranking of CEOs’ most significant
sources of ideas, they also comprise a substantial portion of the overall quantity
of ideas. This trend was particularly evident among financial outperformers.

CEOs believe collaboration is absolutely critical, but there is a problem:
Although collaborative aspirations were high, actual implementation was

Fig. 2 Importance versus
extent of business and
technology integration (%
of respondents)
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dramatically lower. Only half of the CEOs interviewed believed their organiza-
tions were collaborating beyond a moderate level. See Fig. 3 for an illustration
of this ‘collaboration gap’. Citing a lack of the skills and expertise needed to
partner externally, many CEOs refer to partnering as ‘‘theoretically easy’’ but
‘‘practically hard to do’’. The message is clear: whether it involves crossing
internal or corporate boundaries, collaboration requires serious intent. The
upside of collaboration is underscored not only by qualitative CEO feedback,
but also by the financial performance of companies with extensive collabora-
tion capabilities. The Global CEO Study 2006 illuminates the degree to which
strong collaborators enjoyed healthier revenue growth and average operating
margin over their competition.

The challenge ofmeeting these collaboration objectives for product realization
is compounded by the need to operate effectively within a value network. Today,
delivering the product the market wants requires cooperation among a complex
ecosystem of players, from the customer-facing Original Equipment Manufac-
turer (OEM) to its design partners, their suppliers, and a host of manufacturers.
Simultaneously, distributors and retailers join the network, delivering the pro-
duct to customers and providing in-field service after the sale (see Fig. 4).

Finance and business controls govern revenues and costs. But because
product development processes extend across multiple companies, much of
the information required to establish these financial targets is known only by
the partners, suppliers and manufacturers who design and source the compo-
nents. Their activities, in turn, rely on information in systems they may not fully
control, such as inventory andmanufacturing scheduling. The OEM’s sales and
marketing organizations, meanwhile, need visibility into all of these activities to
gather market requirements and condition the market to demand the product.
In short, in a comprehensive business approach to product realization, there is a
dire need to share and exchange information across a complex network of
partners, such as the one shown in Fig. 4, that is spread globally and whose
topology can change quickly.

Fig. 3 Importance versus
extent of collaboration and
partnering (% of
respondents)
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The truth is that until recently, the IT tools and strategies available simply
were not up to the challenge of sharing information across such a complex
network of players in an efficient way. In fact, hard-wired links between enter-
prise applications compounded the very challenges they were meant to address.
Those links were also difficult, expensive and time-consuming to build because
developers had to compensate for the incompatible architectures of the systems
involved. This resulted in redundant and contradictory data and a hopeless
jumble of connections that were costly and difficult to manage and maintain.
And when business priorities changed, changing the links could take so long that
companies were late in responding to opportunities – or missed them entirely.

The way business leverages information technology must therefore change
radically if enterprises are to garner the insights and achieve the agility CEOs
require to respond to business conditions. Fortunately, the development of a
Service Oriented Architecture (SOA) approach to building information tech-
nology systems promises to overcome the challenges of inefficient and inflexible
architecture through adoption of an architecture specifically designed to
accommodate rapid and frequent changes.

4 Service Oriented Architecture

SOA is an approach to enterprise computing that works in a way that resem-
bles LEGO, the popular childhood construction toy. LEGO can be assembled
into one structure today, then broken apart and reassembled into something
else tomorrow. The blocks do not change, but their modular structure allows

Fig. 4 Product realization takes place within a complex network of partners
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each block to play many different roles, depending on how it is assembled

with other blocks.
SOA works much the same way, allowing an IT analyst to break business

functions and processes into small chunks known as services and then reassem-

bling them to support different business models and processes. Services are

functions that when invoked accomplish some specific task. They expose a well

defined interface, hide their implementation details, and are scalable through

open standards mechanisms. Services can be used to perform a wide variety of
tasks, such as portfolio and program decision support; requirements, config-

uration, or engineering change management; supplier and OEM collaboration;

commonality and part reuse; analysis and simulation; or system integrity vali-

dation, to name a few.
These modules can be assembled together on a standards-based framework

to support one business model today, and a different business model when

market conditions change. SOA enables a business-centric view of the enter-

prise, orchestrating functions in terms of people, processes, and information.
SOA allows one to integrate these services with customers, partners, and

suppliers when everyone in the chain has different applications and computing

platforms. See Fig. 5 for an illustration of how the information, process, and

people-related issues can be organized in a framework to support the technol-

ogy-business integration and collaboration needs identified by the CEOs.

Fig. 5 A framework to support business needs identified by the 2006 IBM CEO survey
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At the bottom layer of Fig. 5 are various engineering and business applica-
tion developed and supported by different Independent Software Vendors
(ISVs). The information generated by them can be integrated using standar-
dized data models [6], web services, and middleware to implement them [7].
These services can be composed to provide flexibility and responsiveness in
various work-flows to model and execute business processes. This results in the
role-based people collaboration and provides business decision support needed
at the top in Fig. 5 as desired by the CEOs.

Just as businesses are adapting to changes in the environment, so must their
supporting systems like PLM. The consistent growth of PLM is proof of its
ability to deliver business benefits specific to design, engineering and manufac-
turing, such as providing a 3D model-based development approach and
enabling concurrent engineering to reduce time-to-market and development
costs across a wide range of industries.

SOA is emerging as a key technology for enabling such growth in PLM.
Combining PLM with SOA can deliver the flexibility vital to enabling innova-
tion and achieving desired outcomes. This could provide the much sought-after
breakthrough for integrating applications around the product realization pro-
cess and breaking down the silos that traditionally have limited PLM. By
integrating PLM with the rest of the enterprise, SOA can transform a formerly
engineering-centric solution into a federated source of all product information,
including pricing, market demand, portfolio costs and more.

Together, PLM and SOA can enable flexible, standards-based access to
product information regardless of which software applications or hardware
platforms are in use throughout the enterprise and out into the value network.
The result is total product information visibility for product and portfolio
planners, support engineers, sales and marketing – even business executives,
as envisioned in the following section.

5 Applying SOA to PLM

SOA could address the needs of CEOs, delivering an entirely new approach that
rises above the complexity of current IT systems to give enterprises the insight
and ability they need to thrive in today’s competitive reality. SOA allows
organizations to more easily link and share PLM product data with informa-
tion from other enterprise systems, effectively supporting approaches that
require multiple-team collaboration, such as functional design, design-for-
compliance, design-for-cost and service after sales.

Using SOA to combine the value of PLM and ERP, for example, allows
users to understand costing and inventory levels of existing components, as
well as their associative sizes and tolerances, to make better upfront design
decisions. This lowers the cost to develop new products by leveraging existing
components, which results in less excess inventory, fewer design iterations,
and faster time to market.
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By combining PLM with CRM, on the other hand, SOA allows organiza-
tions to showcase products in different configurations, allowing them to better
illustrate the features in a virtual reality mode that could be highlighted in their
sales initiatives. This is but one example of how product development could be
tied more closely to market introduction processes. Similar benefits are avail-
able by federating PLM information with Requirements Engineering and Sys-
tems Definition, as well as with other downstream enterprise systems, such as
Manufacturing Planning and In-Field Service Management.

Traditionally, most PLM environments utilize multiple applications, each of
which has its own database. Each of these databases contains not just informa-
tion, but knowledge about the relationships between the information – the
context in which the information makes sense. When these databases attempt
to share information through an enterprise PDM (Product Data Management)
system, a traditional engineering tool, the knowledge embedded within the data
relationships specific to each application is lost.

Attempts to overcome this limitation by integrating proprietary applications
require hard-coded, difficult-to-change links. This defeats the goal of creating
agile, flexible business models. This challenge is compounded when an OEM, for
example, attempts to work closely with multiple partners and suppliers. Now
each organization in the chain must deal not only with its own application
complexity, but the complexities of its partners as well. Barriers between dispa-
rate systems make it difficult for people in interrelated functions to collaborate.

To get around these walls, people must schedule meetings, send e-mails or
make phone calls to share information that cannot be shared by the organiza-
tion’s disparate systems. This ad-hoc system of collaboration is fraught with
problems, however, including failures to include key people in critical decisions,
or difficulties determining whose data to trust. This further stifles the goals of
collaboration, innovation, and flexibility.

SOA-enabled PLM can remove the problems inherent in duplicating data
from individual applications into an enterprise PDM system by creating a
federated information mechanism that all applications access and share. Busi-
ness processes exist independent of specific applications and can be viewed and
accessed by all companies participating in a product realization value network.
Portals provide access and visibility into all business processes relevant to
particular user roles.

By eliminating traditional information silos and making vital product infor-
mation visible throughout an enterprise, SOA-enabled PLM could transform
PLM from an ‘‘engineering’’ application into a source of all product informa-
tion. SOA-enabled PLM provides business decision support, increases flexibil-
ity and responsiveness and improves integration with the value chain, enabling
CEOs to continually innovate their products, their business processes and their
PLM infrastructures.

SOA can also create an ecosystem in which multiple solution developers,
integrators and IT consultants can collaborate, replacing competition with
cooperation – a profound benefit to the client. By permitting heterogeneous
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hardware and software to operate together smoothly through a shared commit-
ment to open standards, SOA can deliver on the long-held client dream to mix
and match best-of-breed applications to achieve a system uniquely suited to
their special goals and challenges. The result is tailored client solutions for the
electronics, aerospace and defense, automotive, consumer products, and fabri-
cation and assembly industries.

6 Business Benefits

The SOA-enabled PLM approach could deliver new capabilities that would not
be possible without this flexible infrastructure. These capabilities enable a
comprehensive approach to product realization processes used within the entire
value network. Some of the benefits of this approach were mentioned in the
previous section. Listed below are a few more of the new capabilities and their
benefits enabled by SOA.

6.1 Enterprise Asset Management and Service after Sales

Information systems used for enterprise asset management and service after
sales track asset data including location, work, and cost history to control costs
and operational condition of capital equipment. Collaboration between engi-
neering and field services made possible by connecting mobile field service
technicians to PLM and asset utilization data instantly speeds the communica-
tion of field issues back to the engineering department, allowing OEMs to
identify design issues earlier, design fixes and communicate them to the field
to reduce warranty claims and improve product reliability. Linking PLM data
to asset usage in the field can improve customer service, account for proper
asset usage, and lengthen useful life.

6.2 Enterprise Integration and Collaboration

Tools for enterprise integration and collaboration link engineering disciplines
with product development stakeholders in commercial and operational functions
by connecting disparate CAD and PDM systems to other enterprise systems,
enabling an enterprise-wide view of product data that even extends into the
partner network. When connected applications are accessed by users throughout
the value network through a web-based portal, each user gets role-specific, secure
access to the critical business applications they need to do their jobs. Information
is presented to each user in a manner consistent with their role and in a way that
they can understand. These flexible access tools help to ensure better business
decision support and lower product development time and cost. Improved
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integration within the enterprise and into the supply network ensures flexibility
and collaboration with people throughout the product realization process.

For example, Volkswagen AG has used such portals to improve productivity
in its procurement department by improving access to product information.
The portals have shortened order-to-delivery cycles while making the procure-
ment staff 20% more productive and improving their ability to focus on high-
value-add activities. Meanwhile, another leading OEM is using portals to
streamline the communication of design changes between its own development
teams and its suppliers, cutting the design/engineering cycle by more than a
third, reducing development costs by 25% and replacing manual distribution of
time-sensitive change orders with an automated, real-time system.

6.3 Product Performance Simulation

A modeling and simulation system simulates the behavior, flexibility and
performance of a virtual product along all development stages and across
multiple design partners. It includes desktop analysis/simulation plus digital
mock-up (DMU) to improve product quality and shorten development time by
detecting design problems early; Enterprise Simulation/CAE (Computer-Aided
Engineering), which provides complex analysis and simulation; and IT
Resource Optimization for Engineering, which optimizes the supporting infra-
structures used to run compute-intensive analysis applications.

For example, Daimler-Benz Truck Division used mechanical analysis solu-
tions earlier in its engineering developing cycle, improving its cycle time to
product introduction by 60%. Meanwhile, a leading automaker reduced the
time needed for engineers to compile their reports by employing a systematic
approach to simulation datamanagement forCAE thatmanagedmany terabytes
of simulation data spread across several million files. The solution not only saved
time; it also improved user confidence in the resulting data. And Magna Steyr, a
Tier One automotive supplier, applied grid technology to its clash detection
environment, reducing run times from 72 hours to four hours, which reduced
costs, improved time to market and resulted in higher quality products.

6.4 Supply Chain Collaboration

Supply chain collaboration enables extended value chain creation and manage-
ment of the virtual product into the supply chain, improving collaboration and
integration through an optimized infrastructure, improving the management of
data and development processes by suppliers, reducing program risk, improv-
ing business model and process innovation support, and reducing administra-
tive costs for activities such as manual exchange, checking and data translation.
Suppliers also benefit through reduced IT resource requirements, pre-defined
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solutions with industry templates that reduce implementation time and
time-to-productivity by as much as 30% and a 10–20% reduction in overall
engineering costs. Other likely benefits include a 30–35% reduction in engineer-
ing time and a 15–20% increase in profitability.

For example, to build its Falcon 7X business jet in four years rather than the
traditional seven, Dassault Aviation assembled a team of 27 design partner
firms scattered around the globe. The company employed a fully digital process
to eliminate physical prototypes, and built a collaborative workspace that
allowed all of its partners to share data online in real time. The resulting
productivity gains have allowed the aircraft company to decrease its time-to-
market plan by 30%. Similarly, an automotive OEM identified and eliminated
bottlenecks in its collaboration processes after establishing a supplier portal as a
single data exchange source with its suppliers.

6.5 Software and Systems Development

Software and system development tools accelerate and improve the design,
development, implementation and management of the delivery of software and
systems. To create virtually any new product today, it is necessary to synthesize
the engineering disciplines of mechanical, electronic, and software development.
Engineers must understand, simulate, and validate a broad set of factors that
influence product success. Customer requirementsmust be captured, understood,
and allocated to functions and system architectures, which can then be analyzed
and simulated again, to enable the development of an optimal design that
balances risk, cost and time-to-market constraints. Software and Systems Devel-
opment integrates mechanical and electronic design to create a systems-level view
of PLM applications and databases on a SOA, regardless of their engineering
domain (for example, electronic-CAD, mechanical-CAD, software, hydraulics,
simulation, verification) or their internal development cycles and rules. This
allows for efficient reuse of system-level design know-how to drive lean, effective,
global and innovative product realization initiatives.

These and other examples – such as integrated change management, pro-
duct information management, and product and portfolio management –
demonstrate just some of the benefits real companies are achieving or could
achieve with an SOA-enabled PLM approach to manage their product life-
cycle data and business processes.

7 Summary and Concluding Remarks

This paper describes a comprehensive business approach to product realization
using service-oriented architecture. The emphasis is deliberately on business
issues that can be addressed by such an architecture – the technical details to
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design and implement SOA can be found in various technical literature, for
example in [7]. Some of the early successes in applying SOA for product
information sharing across an enterprise can be found in [8, 9]. While much
remains to be done to fully realize the comprehensive business approach out-
lined in this paper, these initial projects have yielded encouraging results that
point to a promising future. In essence, SOA allows engineering and business
processes to be built using modular chunks of software in the form of services
that can communicate with each other and be used across different parts of a
business. As observed recently by The Wall Street Journal ‘‘the approach can
save companies time and money because the software modules can be reused
and reconfigured in new ways’’ [10]. This is perhaps the most recent and best
endorsement of SOA by the business community.
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Integration of Collaborative Engineering Design

Using Teamcenter Community in Mechanical

Engineering Curricula

Xiaobo Peng, Ming C. Leu, and Qiang Niu

Abstract This paper presents a collaborative project conducted by Prairie
View A&M University (PVAMU) and University of Missouri-Rolla (UMR)
to jointly develop collaborative engineering design instructional projects,
utilizing the Teamcenter Community and NX3 software provided by UGS
PLM Solutions, and to implement these collaborative design projects in the
teaching of two CAD courses in the Fall 2006 semester at the two universities.
The collaborative design projects have been implemented in both the freshman
level course MCEG1213 ‘‘Creative Engineering’’ at PVAMU and the senior/
graduate level course ME363 ‘‘Principles and Practices of Computer-Aided
Design’’ at UMR. This paper describes how to effectively prepare such a colla-
borative effort and how to implement the Teamcenter Community software. It
was observed in this project that thorough communication among the team
members is the key to guaranteeing the success of collaborative design. This
paper also discusses the challenges in conducting a collaborative engineering
design. The planned improvements for the future implementation are discussed.

Keywords Collaborative Design � Teamcenter Community � Curriculum �
PLM

1 Introduction

The globalization of the economy has significantly changed the way the industries
do business. Many companies have outsourced their design and manufacturing
factories overseas. Therefore, global collaboration has become necessary in
industry. Product Lifecycle Management (PLM) has made the collaboration
possible. As defined by Grieves [1], PLM is ‘‘an integrated, information-driven
approach comprised of people, process/practices, and technology to all aspects of
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a product’s life, from its design through manufacture, deployment and main-
tenance – culminating in the product’s removal from service and final disposal.’’
With such a PLM system the members of a design team in geographically
dispersed locations are able to interact with each other effectively in the colla-
borative design process.

One major goal of the higher education is to produce high quality students
who shall have the skills working in the changing global economic environ-
ment when they graduate. Since the last decade, the CAD/CAM/CAE has
been widely integrated into mechanical engineering curricula due to the
demanding needs from the design and manufacturing industry. CAx has
been considered as the mandatory training for engineering students. Today
the growing interest in PLM in the industries has demanded college education
to impart engineering students the necessary skills for collaborative design in a
distributed environment.

To meet this emerging need, Prairie View A&M University (PVAMU) and
University of Missouri-Rolla (UMR) have conducted the pilot collaborative
project to jointly develop collaborative CAD engineering design instructional
projects, utilizing the Teamcenter Community and NX3 software from UGS
PLM Solutions. These collaborative design projects were implemented in the
teaching of two CAD courses, i.e., MCEG1213 course at PVAMU andME363
course at UMR in Fall 2006. The students at both universities teamed up to
work on the collaborative design projects, by dividing up the project tasks
among different team members. The members of each team consisted of stu-
dents from both universities. This project is funded by PACE program (Part-
ners for the Advancement of Collaborative Engineering Education).

In addition to the demanding needs from the industry described above, many
research papers have reported that integration of collaboration activities using
on-line tools can enhance learning, reduce the sense of isolation, increase partici-
pants’ learningmotivation, and improve students’ social interaction skills [2, 3, 4].
From the social and psychological perspective, Hughes et al. [4] provided a
comprehensive survey of literatures to address how to establish the most effective
on-line collaboration. The paper summarized four aspects of effective collabora-
tion, including: (1) getting students to understand the value of collaboration;
(2) establishing comfort with the technology used in the collaborative environ-
ment; (3) building comfort and trust among students and between instructor and
students; and (4) creating a rich on-line social environment.

Several universities have developed a program of collaborative design and
product data management in their curricula. PurdueUniversity has developed a
framework to integrate design using CAD, rapid prototyping, team-based
collaboration projects and realistic constraints and budgets in a computer-
aided design and prototyping class [5]. However, their collaboration was con-
ducted within one university. Tomovic of Purdue University [6] introduced the
PLM experience to the senior design students with integration of part design,
design optimization, and design of manufacturability. Georgia Tech and
University of Maryland College Park implemented a collaborative product
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development project in their traditional engineering course using PTC Projec-
tLink system [7]. In 2004 and 2005, Virginia Tech and the Technique University
Darmstadt jointly offered a new course on collaborative engineering and pro-
duct data management [8]. The transatlantic term project was conducted using
Teamcenter Community. In 2004, Brigham Young University (BYU) and
Virginia Tech (VT) integrated PLM tools and collaboration into a capstone
student project to design a concept vehicle. The students from three disciplines
comprised the design teams to collaboratively complete the project [9]. In 2005
and 2006, BYU and VT expanded the collaborative project to a global scope
with eleven other participating universities around the world. The requirements
needed to either host a global collaboration project or be a participant were
discussed [10]. Michigan State University and ITESM implemented collabora-
tive student design projects utilizing Teamcenter Engineering and Teamcenter
Community tools in the International Networked Teams for Engineering
Design (INTEnD) program [11]. Anderson et al. [12] discussed the issues on
the implementation of Teamcenter Community and collaborative environment
in academia. Most of the above projects were implemented in the senior/
graduate level and two-semester long courses. By deploying the pilot project,
we are seeking to develop guidelines for integrating collaborative engineering
design in regular one-semester engineering curricula.

This paper is organized in the following manner. First, we introduce the
background of PACE program and two participating universities. In Section 3,
details are described on how to establish the infrastructure for collaborative
engineering design and how to implement the PLM tool Teamcenter Commu-
nity. Next, the issues on implementing the collaborative project in engineering
curricula are addressed in Section 4. Challenges, lessons learned, and benefits in
conducting a collaborative engineering design are discussed in Section 5. At the
end, the conclusion and planned improvements for the future implementation
are discussed.

2 Participating Universities

Both participating institutions, Prairie ViewA&MUniversity andUniversity of
Missouri-Rolla, are in the PACE program. PACE (Partners for the Advance-
ment of Collaborative Engineering Education) is a consortium established by
leading industries GM, EDS, Sun Microsystems, UGS, HP, and their global
operations. Since it was established in 1999, PACE now is partnering with over
forty (40) academic institutions worldwide to develop the Product Lifecycle
Management (PLM) teams of the future [13]. In a cost-effective manner, PACE
and its contributors provides hardware, software, training, and funding to
PACE institutions to educate globally engaged engineering and design students
with necessary skills to be successfully in a global economy. The software
available for PACE institutions contains prestigious CAD/CAM/CAE and
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PLM tools currently used by leading industries. These include Alias Maya
Unlimited, Alias AutoStudio, Altair HyperWorks, E-factory Toolkit, FLU-
ENT, LS-DYNA, MSC.ADAMS, MSC.Nastran, NX (previously Uni-
graphics), Teamcenter Community, and Teamcenter Engineering, etc.

Founded in 1876, Prairie View A&M University (PVAMU) is the second
oldest public institution of higher learning in the state of Texas located 30 miles
away from Houston. As part of the Texas A&M system, PVAMU is one of the
Historically Black Colleges and Universities (HBCU) in which approximately
96% of the students are classified as ethnic minorities. Prairie View A&M
University is known as one of the nation’s top producers of African-American
engineers. At PVAMU, the MCEG1213 course ‘‘Creative Engineering’’ is a
mandatory freshman course inMechanical Engineering. This course introduces
students the basic knowledge of engineering drawing and computer-aided
design and teaches student how to use CAD software Unigraphics NX3 for
engineering design and analysis.

Founded in 1870, the University of Missouri-Rolla (UMR) has been one of
the top among technological research universities. UMR was recognized as a
top 50 Engineering School by US News & World Report’s ‘‘America’s Best
Colleges,’’ 2006. At UMR, the ME363 course ‘‘Principles and Practices of
Computer-Aided Design’’ is offered to graduate and upper-level undergraduate
students every year. This course introduces the fundamentals of computer-
aided design and engineering with emphasis on geometric modeling. Uni-
graphics NX3 software is used by students to gain practical experience as well
as to help them grasp the theories of computer-aided design.

Both ME363 and MCEG1213 at the two universities have an emphasis
on developing students’ hands-on experience on applying NX3 to solve
engineering problem. In the old curricula of both courses, final team
projects were assigned to students to design a product. The final projects
aim is to provide students the opportunities to apply solid modeling,
engineering drafting, and assembly skills to attack a real design problem.
The projects develop in students the capabilities of report writing, giving
presentations, and working as a team. Because both universities have
similar final project assignments and have common interests in integrating
PLM in the curricula, the integration of collaborative design in the final
project has become very smooth.

3 Implementation of Teamcenter Community

Teamcenter Community (TcC) is the major tool used in our collaborative
design project. Provided byUGS, Teamcenter Community is a secure encrypted
platform with collaboration functionality that enables real-time synchronous
and asynchronous engineering collaboration between geographically dispersed
teams. As the host University of the collaborative project, PVAMU is in charge
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of installing the software, Teamcenter Community. The collaborative project
has served as a catalyst for PVAMU to build the infrastructure to support
collaborative engineering design. A state-of-the-art collaborative design lab is
under development with the support of PACE and College of Engineering at
PVAMU.

3.1 Teamcenter Lab at PVAMU

A ‘‘PACE Teamcenter Lab’’ is under development at PVAMU since the
beginning of 2006. The objective of the establishment of this lab is to provide
a state-of-the-art collaborative engineering design environment including
hardware and software to support the education and research activities
related to collaborative projects. The hardware and software are available at
PVAMU including the following:

� Hardware

� Two High-end Sun servers (�2100)
� One HP large format printer
� Twenty five high-end engineering workstations
� Tandberg video conference system

� Software

� Unigraphics NX3
� Altair Hyperworks 7.0
� ANSYS
� Teamcenter Community 5.2
� Video and audio conferencing software.

3.2 Deployment of Teamcenter Community

The Teamcenter Community (TcC) V5.2 software was donated by UGS. We
obtained two Sun servers which were granted by PACE. One faculty and one
technician were fully dedicated to the implementation of TcC at PVAMU.
Teamcenter Community runs on top of Microsoft’s Windows SharePoint Ser-
vices (WSS). MS SQL Server 2000 is required as backend database for TcC.
Windows Server 2003 is required as the Operating System. There are many other
software and services that are prerequisite to run TcC, namely, Internet Informa-
tion Services 6.0 (IIS 6.0), ASP .NET service, Microsoft Active Directory (AD),
and Domain Name Service (DNS). It is recommended to separate the TcCWeb
Server from the Database Server. As the nature of the prerequisites is complex, it
is quite challenging to deploy the Teamcenter Community.

The ‘‘Teamcenter Community Installation and Upgrade Guide’’ [14] has
provided great instruction to the deployment and installation of TcC. In the
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case that trouble was met and no solution could be found in the guide, the UGS
technical support has been an excellent resource in providing help. Normally we
were contacted promptly by the technical person. The trouble was able to be
resolved within one or two days. The implementation was relatively smooth
although no training course has been taken.

Before the installation of the TcC, we needed to select the proper deployment in
determining the number of servers needed and how the software should be
deployed on the servers. The enrollment of two courses generally were 20�30
students in ME363 (UMR) and 15�25 students in MCEG1213 (PVAMU). The
estimated concurrent users were under 100. Therefore, the deployment indicated in
the guide [14] which can support 900 concurrent userswas adequate for this project
and can still provide enough room for expanding the scope of the collaboration.

Two Sun servers were configured as Web Server and Domain Controller
respectively as illustrated in Fig. 1. The software installed on each server is listed
as below.

� Web Server

� Windows 2003 Server
� Internet Information Server (IIS) 6.0
� Windows Share Point Service (WSS)
� Teamcenter Community V5.2

� Domain Controller and SQL Server

� Windows 2003 Server
� Domain Name Service (DNS)
� Active Directory (AD)
� SQL Server 2000.

  

Domain Controller 
• Windows 2003 Server 
• Domain Name Service (DNS) 
• Active Directory (AD) 
• SQL Server 2000 

PVAMU

Internet

UMR

Client 

Client 

Client 

Client 

Web Server 
http://teamcenter.pvamu.edu 

• Windows 2003 Server 
• IIS 6.0 
• Windows Share Point Service (WSS) 
• Teamcenter Community 

Fig. 1 Deployment of Teamcenter Community at PVAMU
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It has been indicated that it is challenging to grant the access of the Team-

center Community to the outside of the university firewall [8], [10], [12]. If there

is no entry of the firewall, virtual private network (VPN) has been an alternative

to allow outside user accessing of TcC. However, it has been demonstrated that

using VPNhas been a problematic strategy due to the blocked internet port [10].

The IT department has full control over the network setting in the academia

environment. Due to the security concern, the IT normally is very restrictive on

granting the entry of the firewall. Fortunately the IT department at PVAMU

has been very supportive in granting a firewall entry to theWeb Server when the

significance of the project was explained to them.

3.3 Teamcenter Community Website

Teamcenter Community (TcC) served as central location for the collaboration

and every team member were able to log in using a web browser. TcC enables

team members geographically dispersed to share 2D and 3D part files, docu-

ments, and presentations, schedule calendars, post announcement and pro-

gress, and route review tasks etc. The features provided by TcC hosted at

PVAMU are described in detail below.
Two layers of TcC websites were constructed for this collaborative pro-

ject. The top layer was the homepage for instructors. The bottom layer

consisted of websites which were accessed by student teams. As shown in

Fig. 2, the instructors’ homepage was restricted to be accessed by the

instructors and teaching assistants. The major component of the homepage

was the Professor’s Announcement. The Announcement was made as a

pushdown list which can be automatically distributed to all the team sub-

sites. This was where the project assignments, tutorials, instructions, and

other timely announcements can be uploaded and then distributed to all the

team subsites. The ‘‘Team Subsite Links’’ on the homepage provided a

convenient way for the instructors to access each team’s webpage and moni-

tor the progress of all the teams.
Team subsites were designed for each team as shown in Fig. 3, which were

logged in directly by designated team members. It contains the following

components:

1. Professor’s Announcement – Students can get announcements, assignments,
tutorials and other project related material handed out by the instructors.
This is distributed from the parent site. The students can not edit it.

2. Task Lists – Each team uses it to assign the design tasks to specific team
members and to keep track of work that each team member needs to
complete. Description of the tasks, assigned team member’s name, due
date, status, and completion percentage are able to be tracked using this
feature.
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3. Contact Information – Members can exchange their names and contact infor-
mation (such as telephone number, e-mail address, and living address) here.

4. Announcement – The students can post news, meeting announcements,
and other short information which they want to share with their team
members.

Fig. 3 Collaborative project TcC homepage for teams

Fig. 2 Teamcenter Community homepage of collaborative project for the instructors
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5. Routing Slips – Routing items for approval is a powerful feature of Team-
center Community. A team may frequently need to conduct reviews. Using
Routing Slips, the user can create a Routing Slip, select documents to route,
andmake sure it gets to the right people for review. Teammembers can route
items such as documents, 2D or 3D data, visual issues, or requirements to
members for review and approval. When a user logs into TcC, all of the
current routing slips assigned to him/her are displayed. From the list the user
can open the routing slips, review the items, and take actions to either
approve or reject the slip.

6. Links – The links are used to post hyperlinks to webpages of interest to the
team.

7. Shared Documents – This document library is mostly used by students to
upload NX3 part files, 3D assemblies, and Office documents. Users can
organize different types of file by creating directories. The user can open
reports, presentations, spreadsheet, PDF file etc. directly in the TcC with-
out downloading the files to local computer. To prevent the conflict of
more than one user using the same file in the library, TcC provides a
‘‘Check in/Check out’’ function. It is very convenient to load an assem-
bly CAD model in TcC. The user only needs to select the assembly CAD
file. All the associated sub-component CAD files will be uploaded
automatically.

8. Calendar – Similar to MS Outlook, the calendar is used to post information
about dates that are important for the team as shown in Fig. 4. One unique
feature of the calendar in TcC is a workspace can be attached to an event.
The workspace is a site where the team can manage the meeting agenda,
minutes etc.

9. Iseries Viewer – It is a tool embedded in TcC that provides 2D/3D visualiza-
tion, review and markup capabilities. It is enabled by the CAD-neutral JT
format which can be created from all major CAD applications. Students can
perform the synchronizing design, review and markup within the TcC by
open the JT file of an assembly or a single CADmodel as shown in Fig. 5. It is
a very powerful tool for collaborative design.

3.4 Client Software Download

To fully utilize the functions of Teamcenter Community such as visualizing JT

3D models, uploading the files to the server, downloading documents, and

performing seamless editing of Microsoft Office documents with Microsoft

Office 2000/XP etc., the plug-ins need to be downloaded and installed on the

client computers. In the public computer labs at both PVAMU and UMR,

students do not have the Administrator privileges to install the software. The

Administrator must be involved in this process. This caused some delay for the
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Fig. 5 Visualize 3D CAD assembly in TcC using Iseries View

Fig. 4 TcC calendar
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student to start using TcC. Some of the students found out it was more
convenient to use their personal computers.

Tutorials on how to install TcC client software and how to use TcC were
developed and distributed to students. Students were trained in the class on how
to use TcC. It was reported by students that most of the functions of TcC are
easy to learn such as SharedDocument, Calendar, Tasking, Announcement etc.
Because students had little knowledge on project management, the functions of
TcC related to project management such as routing slips were seldom used.
Another reason was the scale of the collaborative project was small. The
advantages of the using those functions did not appear appealing to students.

4 Implementation of the Collaborative Project

4.1 Collaborative Project Assignment

After the construction of Teamcenter website, the instructors from two uni-
versities designed three pre-defined topics as the final project which required
students fromUMR and PVAMU to team up as groups. Each group was asked
to choose one design subject to work on. The final project required students to
complete a conceptual design of a new product. The final design must be an
assembly. In addition, the students were requested to address material selection,
manufacturing concern, and cost analysis of the product. When the instructors
designed the project topics, the following aspects were taken into consideration:
1) The scale of the project should be appropriate such that students can
complete it within six weeks; 2) The products to be designed by students should
have adequate complexity which can give students challenges; 3) The products
can be easily broken down into sub-components so that team members can
collaboratively complete the design. The design topics were:

� Backhoe – design excavating equipment consisting of a digging bucket at the
end of an articulated arm.

� Tandem bicycle – design a bicycle to be built for two people sitting one behind
the other.

� Folding bicycle – design a bicycle which can be folded for easy transportation
and storage.

There were 22 students enrolled in ME363 at UMR and 14 students
enrolled in MCEG1213 at PVAMU respectively. Each group consisted of
four students. A total of nine groups were formed by one of the following
formats: 1) Five groups consisted of two UMR students and two PVAMU
students, and 2) Four groups consisted of three UMR students and one
PVAMU students. Each group had one group leader assigned by the instruc-
tors. The group leader can make final decision when there are different
opinions during the collaboration. Each team had a Teamcenter website:
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http://teamcenter.pvamu.edu/collaborative/teamX (X is from 1 to 9). For
example, for group one, their website is http://teamcenter.pvamu.edu/
collaborative/team1.

By the time the project was assigned to students, students had six weeks to
complete the project. Each team was required to submit a report and give a
presentation. All the documents including NX3 part files, the final assembly
file, reports and PowerPoint slides were required to be uploaded to the Team-
center Community website. To incent students to use TcC, the active and
sufficient usage of TcC was applied as one of the criteria to grade the project.

4.2 Collaboration Activities

It was found byWegerif [15] that participants in a collaboration project are tend
to be anxious and defensive to collaborate unless trust and comfort are estab-
lished among the team members. It is observed in this project that thorough
communication among the teammembers is the critical key to guaranteeing the
success of the collaborative design. Various collaborative tools besides Team-
center Community such as Video Conference, Email, and Instant Messenger
etc. were utilized to assist the communication between the team members.

Teamcenter Community was used extensively by students, and was the
primary means of transferring NX3 part files and data. Utilizing TcC, each
group member was able to express questions and concerns, receive answers and
post their completed part files. In addition, TcC allowed groupmembers to view
relevant project files and a project timeline, both of which assisted in the timely
completion of the final project.

It has been suggested that an initial face-to-face meeting will significantly
enhance the trust and familiarity among team members and a willingness to
collaborate [4]. However, it was not feasible to have a face-to-face meeting
for our students due to the time and cost constraint. On the other hand, the
basic idea of the collaborative design projects is to train students to be able to
collaborate with partners they never meet before. The video conferencing
system was used at the initial stage of the project to get the team members
from two campuses know each other and discuss the proposal. Figure 6
shows that two PVAMU students were discussing the project with team
members from UMR using video conferencing. In addition to video confer-
encing, Email, Messenger, and Phone etc. were used by students. The
instructors did not impose any use of collaboration tools or collaboration
activities other than TcC and first Video Conference meeting. Different
groups had different opinions on using the collaboration tools. Some groups
met weekly using Messenger. Some groups did not have regular meeting.
Instead they called each other when they found it necessary. There was one
group that used email exclusively for exchanging ideas without calling each
other. It was interesting that the communication in the groups which had
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two PVAMU and two UMR students were more active than those groups
which had one PVAMU and three UMR students.

4.3 PACE Competition and Results

PACE provides student design competitions in the courses to encourage
students to use digital data in the product development and analysis processes.
We have integrated the students’ final project presentation with the PACE
competition. Students presented their projects simultaneously and interactively
with their partners from two sites through video conferencing system as shown
in Fig. 7. WebEx was used to share and present PowerPoint slides

Fig. 6 Students discussing
the project via video
conferencing

Fig. 7 Final presentation
competition using video
conferencing
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simultaneously while students were doing the final presentation. The presenta-

tions were evaluated by the panel of judges based on three criteria including

solid modeling and assembly modeling, report and presentation, teamwork and

collaboration. The panel of judges consisted of two faculty from UMR and

PVAMU, two representatives from Altair Engineering Inc. (PACE contribu-

tor), and one representative from GM. Three top teams were awarded prizes.

All the students received certificates provided by PACE.
Over the nine groups, seven groups chose Tandem Bicycle as their projects.

Two groups chose to design a Backhoe. Figure 8 shows the top design, a

Backhoe Loader. The backhoe loader design was broken down by students

into four major subassemblies, i.e., Loader, Backhoe, Cab, and Body. Each

team member was responsible for creating one of the subassemblies. Figure 9

shows the Cab designed by PVAMU student.
Figure 10 shows a Miami Beach Tandem Cruiser designed by Group 4.

The tandem bicycle’s main functional requirement is to seat two people and

have arrangements so that both passengers can pedal it. The students made

some improvement on the bike to make it safer and faster, in order to market

to a younger market audience. The frame was elongated to make it more

aerodynamic and stable in turns. The wheels and frame were lightened by

using carbon fiber. Knobby tires were put on to give the appearance of being

tough and rugged, while also giving the rider the freedom to take dirt or

gravel trails. The disc brakes made the bike safer in wet conditions and the

handlebars were placed lower, so the rider has a more aggressive stance while

riding.

Boom Cab

Engine Hood

Bucket

Rear Bucket

Stabilizer Legs

Self-leveling
Linkages

Stick

Fig. 8 Backhoe loader
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Cab Subassembly Cab Housing

Steering Wheel SeatInstrument Panel

Fig. 9 Cab subassembly of a
backhoe loader

Fig. 10 New generation of Miami Beach Tandem Cruiser
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5 Discussion

5.1 Challenges

Although the experiences in conducting collaborative/distributed design pro-
jects have been shared by many previous works [5, 6, 7, 8, 9, 10, 11, 12], it still
remains challenging to integrate collaborative design into engineering curricula.
The challenges rely on the following:

1. A solid infrastructure of PLM solution is required in order to conduct
collaborative design. Teamcenter Community is proved to be an efficient
collaboration tool. Its implementation needs comprehensive support of both
hardware and software as described in Section 3.2. To secure the adequate
manpower support and the commitment from the IT department is essential
to the implementation of TcC.

2. The collaboration needs the participating universities to have common
interests and to be willing to accommodate their schedule for each other.
It is important to identify the answers for the following questions before
initiating the collaboration: Which courses will adopt the collaborative
projects? Do the schedules at the participating universities fit each
other? What would be the appropriate design subjects for collaboration
without adding too much overhead burden on the current curricula to
the students?

3. Thorough communication among the team members is the critical key to
guaranteeing the success of the collaborative design in a distributed environ-
ment. Although the scale of our collaboration is small, being conducted by
students between two domestic universities, students all agree that the com-
munication between team members is the most challenging part of the
project even with many the collaboration tools available.

4. How to motivate students to be engaged in and to appreciate the colla-
boration project is challenging, given that engineering students already
have a heavy course schedule. It was observed that UMR students were
more engaged and active than PVAMU students in the collaboration.
Partly it is because UMR students, who are senior or graduate students,
are more mature than PVAMU students who are in their first semester in
college. The format of the groups caused different degrees of engagement.
Generally those groups with 2 UMR students and 2 PVAMU students
were more active than groups with 3 UMR students and one PVAMU
student.

5.2 Lessons Learned

Upon the completion of the collaboration projects, we have learned the follow-
ing lessons:
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1. Although six weeks were given to students to complete the projects which is
longer than the time given for non collaboration project, students still felt the
time was very limited. We should to be able to initiate the collaboration
earlier next time with the TcC in operation.

2. Misunderstanding and miscommunication occurred in some teams during
the collaboration. Because no weekly review meeting or progress reports
were requested, the instructors did not perceive the problems promptly. This
caused a delay in solving the problems. In the future, regular review meeting
and progress reports should be required.

3. More training on TcC should be provided to students. The progress of the
project was slowed down because students had different level of technical
skills. This problem became more obvious when undergraduate freshman
collaborated with graduate students.

4. Some important functions related to PLM were not used in this project such
as the workflows, task distribution, and application sharing functions due to
the time constraint to implement them. Application sharing allows the users
to share someone’s desktop with any other collaborators. By joining a visual
conference in TcC, all participants can view the host’s desktop and even
control the remote desktop if the host transfers the control to any
participant.

5.3 Students Comments

The participating students have given positive feedback:

� ‘‘To make sure that all the students were working in parallel was challenging,
but by using the Teamcenter Community website, a timeline was established
and adhered to fairly closely.’’

� ‘‘The idea of collaborating with another University is good one. Apart from
sharing ideas, there is also a scope for socializing.’’

� ‘‘This project was a wonderful experience for us. This project helped us grow
as future professionals. While doing this project we learned to trust our
teammates. We polished our communication skills in a real world setting.’’

� ‘‘Regular and frequent communication between team members proved to be
an essential component of this team’s success in assembling a complete
backhoe loader model.’’

� ‘‘In the end, teammates came to the conclusion that team work is important,
but it is hard work.’’

5.4 Benefits

We have built a collaborative design infrastructure at PVAMU. Teamcenter
Community has been successful deployed and applied in the distributed design
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projects collaborating by UMR and PVAMU students in two CAD courses.
The benefits of integrating collaborative design projects into Mechanical Engi-
neering curricula are:

1. By implementing the developed collaborative design projects in the teaching
of CAD courses, the students learned effectively how to perform collabora-
tive product design with different techniques and CAD systems in a distrib-
uted environment and to understand the collaborative nature of product
design and related issues.

2. Because the collaborative design projects are stimulating to students, we will
be able to encouragemoreminority students to pursue an engineering career.
With the skills trained by participating in the projects, our students will be
more competitive in the job market.

3. We have deployed the latest CAX/PLM technology at PVAMU and UMR.
The pilot project will help us to develop guidelines and best practices for
integrating PLM solutions into the design process upon completion of this
project in the future.

6 Conclusion and Future Work

In Fall 2006 UMR and PVAMU have successfully integrated collaborative
engineering design projects using Teamcenter Community in two CAD courses.
The implementation of Teamcenter Community is described in this paper.
Various collaborative tools besides Teamcenter Community, including Video
Conference, Email, and Instant Messenger etc., were utilized to assist the
communication between the team members. We have discussed the challenges
of integrating collaborative design into engineering curricula. By implementing
the developed collaborative design projects in the teaching of CAD courses, the
students learned effectively how to perform collaborative product design with
different techniques and CAD systems in a distributed environment and to
understand the collaborative nature of product design and related issues.

It was observed that students lack skills on communication and project
management which are critical to the success of collaboration. We will expand
the collaborative design projects by incorporating project management funda-
mentals into the design process. Dr. Benjamin Dow from EngineeringManage-
ment and Systems Engineering Department at UMR will bring his expertise on
project management to the collaboration and lead his students in the collabora-
tive engineering design projects. The students from two disciplines and three
different classes will team up to work on the projects. The students of each
school will be provided basic project management instruction and incorporate
these fundamentals into the design project using Teamcenter Project. The soft-
ware’s capabilities allow the design teams to break down complex design
projects into specific tasks, assign resources, and manage the workloads of the
resources. This project is funded by PACE program as well.
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