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Abstract This paper aims to develop a formal conceptual

model for the design chain management (DCM) from its

informal definition by using the Environment-Based Design

(EBD) theory. This effort is different from the existing

approaches to developing conceptual models in that the

model is derived step by step froma natural language descrip-

tion of the design chain management. The derived DCM

model is called a wheel model since the model would evolve

because of its internal conflicts.An industrial example is used

to show how the proposed formalization can be used to solve

a problem in the DCM.

Keywords Design chain management · Formalization ·

Environment-based design (EBD) · Conceptual model ·

Wheel model

Introduction

It is fairly well known that up to 80% of product cost is

determined by the decisions made in the early design stages;

therefore, effective management of product design plays an

important role in the entire product lifecycle. In the last

two decades, product design activities have been moving

to a collaborative environment across extended enterprises,

due to the advancement of technologies, the globalization

of markets, the segregation of customer demands, and the
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competition at home and abroad. Collaborative Product

Development (CPD) has thus become an operational model

for product R&D activities in a wide range of industries

(Wang and Hwang 2005). By properly leveraging and syn-

ergizing knowledge, technologies, and resources among all

the collaborators in product development, the CPD approach

may effectively reduce the cycle time and cost while main-

taining quality in the development of complex products

(Venkatachalam et al. 1993; Chokshi and McFarlane 2008).

The application of CPD has resulted in the disaggregation

of vertically integrated industry into a multi-layered network

of horizontal suppliers and partners, each of which can con-

centrate on their core competences for certain features and

functions of a product. The CPD aims to develop and man-

ufacture innovative products for the fulfillment of new mar-

ket requirements through integrating all necessary skills and

competences across the boundaries between the collaborat-

ing organizations and enterprises. Subsequently, an increas-

ingly complex design chain for the development of highly

sophisticated product is widely seen in various industrial

sectors such as aerospace, automobile, and telecommunica-

tion (López-Ortega andRamírez-Hernández 2007;Mun et al.

2011).

Clark (1991) and Twigg (1997a,b) positioned a design

chain as the relationship between a product assembler and

its part suppliers. Poirier and Reiter adapted the concept

of design chain to product development chain, which is a

system through which organizations develop products and

services to meet customer requirements (Poirier and Reiter

1996). O’Grady indicated that the product development

chain encompasses product assembler, the suppliers and the

customers (O’Grady and Chuang 2001). There may be a

considerable mesh of suppliers to suppliers, called second-

tier suppliers, third-tier suppliers and so on (O’Grady and

Chuang 2001; Muckenhirn and Meier 2008). It is generally
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agreed that design chain involves participants throughout the

product development process, from concept, detail engineer-

ing, process engineering, prototype manufacturing, through

to post-launch activities (Twigg 1998). Each participant, both

internal and external to a focal firm, contributes their capa-

bilities (knowledge and expertise) necessary for design and

development of a product (Twigg 1997a,b).

Effective design chain management is of paramount

importance for industries to develop innovative and high

quality products within a reduced lead-time and cost (CIM-

data 2006; Ajoku 2007). Research in this field is mainly con-

cernedwith the early involvement of suppliers in newproduct

development (Carlisle 1989;Dowlatshahi 1998;Akira 2001),

selecting suitable design chain partners for co-development

success (Lin 2003; Nagarajan et al. 2004; Wang and Lin

2006), the design processes collaboration in the design chain

(Choi et al. 2005; Shiau andWee 2008), and the cross-indus-

try diagnostic tool for design-chain management- Design

Chain Operation Reference-model (DCOR) (Supply-Chain-

Council 2004) as well as its extension (Wu et al. 2007). All

those research results come from researchers’ ad-hoc obser-

vations. In order to develop more effective tools to support

design chain management, the design chain management

(DCM) needs to be modeled based on a formal foundation.

This paper intends to develop a formal conceptual model

of design chain management through the formalization of

its informal and generic description. This task is taken as a

design problem. We will use a new design methodology—

Environment-based design (EBD)—to solve this ill-defined

problem.

The rest of this paper is organized as follows. In

“Literature review”, we discuss the relevance of DCM with

collaborative product development and supply chain man-

agement, with a particular focus on the review of previous

reference models of DCM. Section “EBD” introduces a sci-

entific approach of design: EBD, as the formalization meth-

odology. Starting with an informal description of design

chain management, Sect. “Formalization of design chain

management” formalizes the DCM into a conceptual model

following theEBD theory. Section “Refinement ofDCMcon-

ceptual model” refines the design chain conceptual model by

further considering the details of its parts. An example is

given in Sect. “Example” to show how the proposed for-

malization approach works. In the final section, we summa-

rize our study, discuss the limitations, and suggest future

directions.

Literature review

In this section, we will first review the basic concepts of col-

laborative product development (CPD), supply chain man-

agement (SCM), and design chain management (DCM),

which provide the context for the research presented in this

paper. Then we will introduce existing reference models of

design chain management, particularly the Design Chain

Operation Reference (DCOR) model.

CPD, SCM and DCM

Design chain management (DCM), collaborative product

development (CPD) and supply chain management (SCM)

all involve product, process, data, and organization. It would

provide a better focus for the research on managing design

chains by distinguishing these three acronyms—DCM, CPD

and SCM,

Collaborative product development

The increasing competition in the globalized market has

led collaborative product development (CPD) to become

an inevitable trend for today’s new product development

(NPD). Organizations have to collaborate more with their

suppliers, their customers, and other relevant parties in the

current business environment, to respond rapidly to key

customer needs, market opportunities, and technology

changes, and to reduce the cost, time to market and develop-

ment risk (Littler et al. 1995). Collaboration issues (Littler

et al. 1995), supplier involvement (Dowlatshahi 1998), infor-

mation technology (Huang et al. 2000;Wang et al. 2002), and

theoretical modeling (Case and Lu 1996) are main streams in

this research. According to CIMdata, “collaborative product

development” includes “collaborative product design” and

“design chain management” while DCM and CPD place dif-

ferent emphasis on the objects, goals and efforts (CIMdata

2006). DCM focuses on the design chain and aims to improve

the performance of design chain. It is committed not only to

planning the organization-wise distributed design processes

but also to managing the involved participants and the rela-

tionship among those participants during the life cycle of the

design chain. The design chain lifecycle can be generally

separated into formation, operation and extinction stages.

Nevertheless, CPD focuses on product and aims to helpman-

ufacturers reduce costs, shrink time-to-market, and deliver

products that best meet the customer demands. It provides a

platform to different stakeholders for them to work together

on the development of a product through sharing information

and resources, organizing development process and integrat-

ing business systems during the life of a product (Kiritsis

et al. 2003).

Supply chain management

The term supply chain management (SCM) was originally

introduced by consultants in the early 1980s (Oliver and

Webber 1992), which has subsequently gained tremendous
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attention. Lambert et al. (1998) defined SCM as the inte-

gration of business processes from end user through original

suppliers that provide products, services, and information to

add values for customers. The supply-chain council (SCC)

proposed a supply chain operations reference model (SCOR)

for benchmarking supply chain processes and designing IT

solutions for SCM (Stewart 1997). Cooper et al. (1997) iden-

tified seven business processes within supply chain manage-

ment. Although the consensus remains that SCM is more

than simple logistics, most supply chain literature examined

procurement and value-adding activities, without explicitly

defining product development as its part (Twigg 1998). How-

ever, most of the product’s competitive characteristics and

costs are determined and committed by the activities of

the design chain (Lambert and Cooper 2000). Focus will

necessarily shift in the early product development process

(Twigg 1998). Furthermore, though SCM can lead to a sig-

nificant reduction in production costs, it does not address

other important factors that drive product competitiveness,

especially innovation and time-to-market. Therefore, design

chain management is becoming as important, if not more,

as the logistics and production supply chain. While design

chain is a subset of supply chain (Shiau and Wee 2008),

managing the design chain is more challenging than manag-

ing the other components of a supply chain due to its inher-

ent complexity such as diverse design processes, dynamic

design environments, higher task uncertainty, more com-

plex information (often in an incomplete form), and new

buyer–supplier relationship (Twigg 1998; Shiau and Wee

2008).

In summary, the relationship among design chainmanage-

ment (DCM), collaborative product development (CPD), and

supply chain management (SCM) can be illustrated in Fig. 1.

Three pillars support the design chain management: product,

design process, and chain management. The ultimate objec-

tive of design chain management is to lower R&D costs,

reduce time to market and support product or technology

innovation.

Collaborative 
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Fig. 1 Relationships among DCM, CPD and SCM

Design chain operations reference (DCOR) model

Respective design chain management reference models have

been developed to tackle design process and operations

(Supply-Chain-Council 2004; Choi et al. 2005; Wu et al.

2007), design authorities distribution (Twigg 1998), supplier

performance measurement (Nagarajan et al. 2004), collab-

oration strategy (Chuang and Yang 2004), process change

management (Shiau and Wee 2008), process maturity model

(Fraser et al. 2003). The proposed models and corresponding

objectives are listed in Table 1.

Among the reference models listed in Table 1, the DCOR

model (Supply-Chain-Council 2004) is the most recom-

mended. It is initially developed by the Business Process

Management organization of Hewlett–Packard and then con-

veyed to SCC in 2004. The major concepts in the DCOR

model include five major design procedures—product plan,

concept design, detail design, design review, and design

amend under the basis of project management. They can

also be classified into four levels: top level, which defines

the scope and content for the DCOR model; configuration

level, which helps a company’s design chain to be “config-

ured–to–order”; process element level, which defines a com-

pany’s ability to compete successfully; implementation level,

where companies implement specific design chain manage-

ment practices. Through four-level hierarchy, DCOR model

can be applied to not only analyze intra-organizational and

inter-organizational design chain framework and processes

but also identify in-depth the position of each design chain

member and its impact on design chain performance.

AlthoughDCORmodel helps firms construct design chain

models and formulate improvement plans, it remains in pre-

liminary stages of development (Wu et al. 2007). The major

focuses of the existing efforts have been on the efficiency and

effectiveness of the information flowwith the aim to improve

the performance of the design chain system. Themodeling of

the design chain in terms of the product itself, among other

issues, is often overlooked. The research presented in this

paper attempt to develop a comprehensive conceptual model

of design chain management, which can be used as a road-

map and theoretical foundation for supporting collaborative

design.

Conceptual model of DCM

A holistic conceptual model of design chain management

in the DCM context should enclose three interrelated mod-

els: operation model, management model and collaboration

model, as depicted in Fig. 2 (Liu and Zeng 2009). Design

Chain Operation Reference—model as a standard opera-

tion model for DCM is under the basis of design process

and through five major design procedures—product plan,

concept design, detail design, design review, and design
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Table 1 Existing design chain management reference models

Model Objective

Integration mechanisms (Twigg 1998) To coordinate supplier-manufacturer joint design activities from

technology, organization, and procedure aspects during the

pre-project, design, and manufacturing phases

Design chain conceptual model (PRTM model) (Deck and

Strom 2002)

To develop a good strategy for the design of a design chain that

will have a governance structure to facilitate the collaborative

work between partners

Process maturity model (Fraser et al. 2003) To improve product development collaboration in the design chain

by properly managing the development processes and the

communication plans between partners

Standard DCOR (Supply-Chain-Council 2004) To identify the principal process elements in the design chain, as a

reference for firms to analyze and to improve design chain

performance

Design chain collaboration complexity trend model

(Chuang and Yang 2004)

To establish design chain collaboration strategies

Performance measurement framework (Nagarajan et al.

2004)

To assess supplier capability and compatibility in terms of design

chain processes, tools and techniques

Product design chain collaboration framework (Choi et al.

2005)

To resolve major obstacles to collaboration during product design

by offering design process reference model based on SCOR,

service component reference model, technology and standard

reference model

Collaborative design chain operations reference model (Wu

et al. 2007)

To develop a collaborative design chain system in the product

lifecycle

Distributed change control workflow (Shiau and Wee 2008) To maintain the consistence among designs in a collaborative

design network

Suppliers

Requirements

CustomersManufacturers Distributors RecyclersMaintainersTransportersDevelopers

Concept

Design
Detail Design

Process
Engineering

Prototype Testing Launch

Design Process

Design

Chain

Management

Application
(information systems)

Information
(data, information, knowledge)

Process
(design process)

Strategy
(outsourcing)

Goal

Technology Standard
(data format, network protocol, web browser)Evaluation

Design Chain Performance

Evaluation

Control
Design change control

Design Chain Process

Management
.

Planning
Design Process

Planning

Resource Planning

Initiation
Target Setting

Partners Selection

Outsourcing Strategy

Product Plan Concept Design

Design Chain Operation Reference – model (DCOR)

Integration

Infrastructure
(network, facilities)

Configuration Management

Trust Communication

Authority Distribution

Uniform

Establishment

Knowledge Management

Change Management

Project Management

D
e
si

g
n

C
h
a
in

C
o
lla

b
o
ra

tio
n

H
ie

ra
rc

h
y

M
o
d
e
l

D
e
sig

n
C

h
a
in

M
a
n
a
g
e
m

e
n
t
P

ro
ce

ss
(P

ro
je

ct
M

a
n
a
g
e
m

e
n
t)

Negotiation

Detail Design Design Review Design Amend

Fig. 2 Conceptual model of DCM (Liu and Zeng 2009)
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amend. The principal process elements in DCOR can be

mapped to the product design process from requirements,

concept design, detail design, through process engineering,

prototype, testing to product launch and the involvement

of all stakeholders of product lifecycle management in the

DCM.Themanagement process defined in conceptualmodel

of DCM integrates the design chain management process,

which is also called project management, involves a series of

management processes including initiation, planning, con-

trol, and evaluations. In the initiation phase, OEM sets com-

petitive targets, selecting appropriate design partners and

choosing outsourcing strategies. While the design process

and resource planning is determined in the planning phase,

change control in the control stage needs to be activated in the

complex design chain environment once the resource, design

processes are planned. At last, design chain performance

evaluation is essential to improve the cooperation ability in

the design chain, thus increase effective product innovation.

Environment-based design (EBD)

Intuitively, design is a human activity that aims to change

an existing environment to a desired one by creating a new

artifact into the existing environment. EBD is such a design

methodology that provides step-by-step procedures to guide

a designer throughout this environment change process. The

underlying principles behind the EBD are that design comes

from the environment, serves for the environment, and goes

back to the environment.

EBD (Zeng 2004a, 2011) was logically derived from

the observation above following the axiomatic theory of

design modeling (Zeng 2002). As illustrated in Fig. 3, the

Environment-Based Design includes three main activities:

environment analysis, conflict identification, and solution

generation. These three activities work together progres-

sively and simultaneously to generate and refine the design

specifications and design solutions.

This section will give an overview of the EBD methodol-

ogy. The first subsection will be focused on the EBD process

whereas the second will introduce a conceptual model for

representing design.

Environment-based design (EBD): process

Mathematically, the EBD process can be represented by

structure operation, denoted by ⊕. Structure operation can

be defined as the union (∪) of an object O and the interaction

(⊗) of the object with itself (Zeng 2004a, 2011).

Fig. 3 Environment-based design: process flow (Zeng 2004a, 2011)

⊕ O = O∪ (O⊗ O), (1)

where ⊕O is the structure of the object O. Everything in

the universe can be seen as an object. Interactions between

objects are also objects. Examples of interaction include

force, movement, and system input and output. Structure

operation provides a means to represent a hierarchical sys-

tem with a single mathematical expression. The application

of structure operation can be found in the representation of

sketches (Zeng et al. 2004) and linguistic information in

design (Zeng 2008).

Due to the capacity of human congnition and the scope

of an application, a group of primitive objects can always be

defined as (Zeng 2002, 2008)

⊕ Oai = Oai . (2)

Equation (2) means that a primitive object is an object that

cannot or need not to be further decomposed.

In the design process, any previously generated design

concept can be indeed seen as an environment component

for the succeeding design. As a result, a new state of design

can be defined as the structure of the old environment (Ei) and

the newly generated design concept (Si), which is a partial

design solution.

⊕ Ei+1 = ⊕ (Ei ∪Si) . (3)

It has been shown that the environment structure, which is

⊕E, includes the description of the design solution at design

stage i and the design requirements for the design stage i+1

(Zeng 2004b).

Therefore, the EBD process can also be graphically illus-

trated in Fig. 4, which implies the recursive evolution of

design requirements and design solution (Zeng and Cheng

1991; Zeng and Jing 1996).
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state of design: ⊕E

time: t

t0

t1
tnti

⊕E0

⊕E1

⊕Ei

⊕En

Fig. 4 Environment based design: process (Zeng 2004b)

The following explains the three activities included in

EBD (Zeng 2004a, 2011; Zeng and Yao 2009):

Step 1: Environment analysis: define the current environ-

ment system ⊕Ei.

⊕ Ei = ⊕

(

∪
ne
j=1 Eij

)

= ∪
ne
j=1(⊕Eij)∪ ∪

ne
j1=1

∪
ne

j2=2

j2 6=j1

(

Eij1 ⊕ Eij2

)

,

(4)

where ne is the number of components included

in the environment Ei at the ith design state; Eij
is an environment component at the same design

state. It should be noted that decisions on how

many (ne) and what environment components (Eij)

are included in Ei depend on designer’s experience

and other factors relevant to the concerned design

problem.

Step 2: Conflict identification: identify undesired conflicts

Ci between environment components by using eval-

uation operator Kei , which depends on the interested

environment components.

Ci ⊂ Kei (∪
ne
j1=1

∪
ne

j2 = 1

j2 6= j1

(

Eij1 ⊗ Eij2

)

. (5)

Step 3: Solution generation: generate a design solution si
by resolving a group of chosen conflicts through

a synthesis operator Ksi . The generated solution

becomes a part of the new product environment for

the succeeding design.

∃Cik ⊂ Ci,K
s
i : cik → si,⊕Ei+1 = ⊕ (Ei ∪ si) .

(6)

The design process above continues with new envi-

ronment analysis until no more undesired conflicts

exist, i.e., Ci = 8.

Environment-based design (EBD): representation

As shown in the last subsection, environment structure can

be used to represent design mathematically throughout the

design process. A critical component in the structure opera-

tion is the interaction operation ⊗. To facilitate the applica-

tion of the structure operation, the Recursive Object Model

(ROM) is proposed to represent the information appeared in

design (Zeng 2008). The ROM includes two kinds of objects,

which are primitive and compound objects, and three kinds

of relations: constraint, predicate and connection. Table 2

shows the graphic symbols in the ROM.

ROM is the foundation of EBD. In environment analy-

sis, designer transforms original design problem and require-

ments described by natural language into a ROM diagram,

which will enable the designer to define and understand the

design problemmore clearly. In conflict identification, ROM

diagramcan show the relations between environment compo-

nents clearly, which can be used to identify the root conflict.

Formalization of design chain management

The purpose of formalization is to turn the informal into a

formal structure. In this section, we will start with an infor-

mal definition of DCM and finish with a formal conceptual

model of the DCM. The EBD methodology is adopted to

formalize the design chain management.

An informal definition of the DCM is given as follows:

The term Design Chain Management was defined as the

management of the participants, both internal and external

to a focal firm that contributes the capabilities (knowledge

and expertise) necessary for the design and development of a

product which, on completion, will enable full-scale manu-

facture to commence (Twigg 1998). Consequently, the design

chain involves participants throughout the product develop-

ment process, from concept, detail engineering, process engi-

neering, prototype manufacturing, through to post-launch

activities (Twigg 1998), including designers, suppliers, man-

ufacturers and customers.

The following subsections will show the EBD process of

formalizing the definition above into a formal DCM concep-

tual model.

Environment analysis

According to the EBD, a design problem is implied in the

environment in which the product is expected to work. The

objective of environment analysis is to identify the environ-

ment components and their relations implied in a designprob-

lem, as is shown in Eq. (4).

Environment can be generally classified into natural,

built, and human environments, denoted by En, Eb, and
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Table 2 Recursive Object Model (ROM) (Zeng 2008)

Type ROM symbols Description

Object Object Everything in the universe is an object

Compound object It is an object that includes at least two objects in it

Relations Constraint relation It is a descriptive, limiting, or particularizing relation

of one object to another

Connection relation It is to connect two objects that do not constrain each

other

Predicate relation It describes an act of an object on another or that

describes the states of an object

Eh, respectively (Zeng 2002). Human environment refers to

everyonewho has a direct impact on the system; natural envi-

ronment represents every natural aspect that is not subject to

human control; and built environment includes every creation

of human being that directly affects the system.

⊕ E = ⊕

(

En ∪E
b
∪E

h
)

. (7)

Therefore, the first step in formalizing the DCM is to iden-

tify the major components and their relations implied in the

informal definition of theDCM.This can be achieved by gen-

erating the ROM diagram for the informal definition, which

is shown in Fig. 5.

Figure 5 can be simplified into Fig. 6 following the rules

defined inZeng (2010),which can show the structure ofDCM

system clearly.

From this ROM diagram, it is clear that the main objects

are participant, capability and process since they have the

most constraint relations. Furthermore, the most critical con-

straining objects are firm and product. These five objects con-

stitute the first level of environment components, as is given

in Table 3. They can be seen as primitive objects as defined

in Eq. (2), that is,

⊕ Ei = Ei,∀i = 1, . . . , 5. (8)

The relations between these five components are given in

Table 4.

Mathematically, the ROM diagram shown in Figs. 5 and 6

are part of the following structure.

⊕ � = ⊕[(E1 ∪E2 ∪E3)∪(E4 ∪E5)]. (9)

According to Eq. (1), Eq. (9) can be expanded as follows:

⊕ � = [⊕(E1 ∪E2 ∪E3)] ∪[⊕(E4 ∪E5)] ∪[(E1 ∪E2 ∪E3)

⊗(E4 ∪E5)]∪[(E4∪E5) ⊗ (E1∪E2∪E3)]

= [(⊕E1)∪(⊕E2)∪(⊕E3)∪(E1 ⊗ E2)∪(E1 ⊗ E3)

∪(E2 ⊗ E1)∪(E2 ⊗ E3)∪(E3 ⊗ E1)∪(E3 ⊗ E2)]

∪[(⊕E4)∪(⊕E5)∪(E4 ⊗ E5)∪(E5 ⊗ E4)]∪

[(E1 ⊗ E4)∪(E1 ⊗ E5)∪(E2 ⊗ E4)∪(E2 ⊗ E5)∪

(E3 ⊗ E4)∪(E3 ⊗ E5)∪(E4 ⊗ E1)∪(E4 ⊗ E2)∪

(E4 ⊗ E3)∪(E5 ⊗ E1)∪(E5 ⊗ E2)∪(E5 ⊗ E3)].

(10)

According to Eq. (8), Eq. (10) can be simplified as

⊕ � = [E1∪E3∪(E1 ⊗ E2)∪(E1 ⊗ E3)∪(E1 ⊗ E4)

∪(E1 ⊗ E5)∪(E3 ⊗ E1)∪(E3 ⊗ E2)∪(E3 ⊗ E4)

∪(E3 ⊗ E5)]∪[E2(E2 ⊗ E1)∪(E2 ⊗ E3)∪(E2 ⊗ E4)

∪(E2 ⊗ E5)]∪[E4∪(E4 ⊗ E1)∪(E4 ⊗ E2)

∪(E4 ⊗ E3)∪(E4 ⊗ E5)]∪[E5∪(E5 ⊗ E1)

∪(E5 ⊗ E2)∪(E5 ⊗ E3)∪(E5 ⊗ E4)]

= Mts∪Mpc∪Mpd∪Mpm, (11)

where

Mts = [E1 ∪E3 ∪(E1⊗E2)∪(E1⊗E3)∪(E1⊗E4)

∪(E1⊗E5)∪(E3⊗E1)∪(E3⊗E2)∪(E3⊗E4)

∪(E3⊗E5)], (12)

Mpc = [E2 ∪(E2⊗E1)∪(E2⊗E3)∪(E2⊗E4)∪(E2⊗E5)],

(13)

Mpd = [E4 ∪(E4⊗E1)∪(E4⊗E2)∪(E4⊗E3)∪(E4⊗E5)],

(14)

Mpm = [E5 ∪(E5⊗E1)∪(E5⊗E2)∪(E5⊗E3)∪(E5⊗E4)].

(15)

Hence, the structure ofDCMenvironment can be represented

as the unionof the structure of participant, process, capability,
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Fig. 5 ROM diagram of informal definition of DCM

product, firm, aswell as the relations among them. This struc-

ture is given in Eq. (11) and illustrated in Fig. 7, which can

be further refined by decomposing its components.

Conflict identification and solution generation

In the DCM environment, from Table 4, it is obvious that

the relations between environment components are indepen-

dent, which means there is no conflict in the current DCM

system. Further problems of the design may come from the

decomposition of the identified environment components.

Interpretation of the formal model

In Eq. (11),Mtsmeans that participant (E1) needs to take into

account capability (E3) of all relevant cycles, such as sources,

time, technology and so on, in order to work out a reasonable

and feasible work task. This leads to a task centered model in

the DCM. Mpc shows all the related processes in DCM, and

the involved participants, the necessary capabilities in dif-

ferent processes, as well as the relations between them. For

example, the designers in design process and the manufac-

turers in engineering process. That means a process centered

model is needed in DCM. Similarly, Mpd shows product and

the relations between product and other primitive objects, so

the product is a very important object in DCM which should

be focused on; hence, a product centeredmodel is very neces-

sary. Mpm represents the focal firm and the relations between

the firm and other objects in DCM, which pays close atten-

tion to the performance of the whole DCM system and show

the reason why a performance centered model is important

in DCM.
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Fig. 6 Simplication of ROM diagram for DCM Definition

Table 3 Environment components—1

E1 E2 E3 E4 E5

Participant Process Capability Product Firm

Consequently, DCM can be regarded as a management

process, providing a set of solutions to address various unac-

ceptable conflicts among the relations between its environ-

ment components. A representative model of design chain

management can be derived as

SDCM = ⊕
(

Mts ∪Mpc ∪Mpd ∪Mpm
)

= (⊕Mts)∪
(

⊕Mpc
)

∪
(

⊕Mpd
)

∪
(

⊕Mpm
)

∪
(

Mts ⊗Mpc
)

∪
(

Mts ⊗Mpd
)

∪
(

Mts ⊗Mpm
)

∪
(

Mpc ⊗Mts
)

∪
(

Mpc ⊗Mpd
)

∪
(

Mpc ⊗Mpm
)

Table 4 Relations bewteen components—1

E1 E2 E3 E4 E5

E1 Plan, execute, monitor … Contribute Control, manage Constitute, manage …

E2 Influenced by Influenced by Contribute Owned by

E3 Belong to Enable Determine Contribute

E4 Produced by Influenced by Influenced by Developed by

E5 Contain Manage, control … Influenced by Control, manage …
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Fig. 7 Structure for conceptual model of DCM

∪
(

Mpd ⊗Mts
)

∪
(

Mpd ⊗Mpc
)

∪
(

Mpd ⊗Mpm
)

∪
(

Mpm ⊗Mts
)

∪
(

Mpm ⊗Mpc
)

∪
(

Mpm ⊗Mpd
)

,

(16)

where again Mts represents a task centered model; Mpc rep-

resents a process centered model; Mpd represents a product

centered model; andMpm represents a performance centered

model.

Refinement of DCM conceptual model

According to Eq. (16), the structure of conceptual DCM

model—Wheel Model can be generated as in Fig. 8. In

this wheel model, four different types of models—task

centered model, process centered model, product centered

model and performance centered model work together to

resolve problems in the DCMprocess from different aspects.

Diverse elements and aspects such as involved participations,

design process, design chain operation, design chainmanage-

ment process, and design chain collaboration, are taken into

account, which are significant for the effective development

of potential DCM methodologies or supporting tools. It is

called the wheel model since any internal conflict between

the components of DCM will lead to an evolution of the

model, where the internal conflict is like the torque acting on

the wheel of DCM model.

In order to complete the wheel model, the four models

included in Eq. (16) should be developed. The following

derives the product centered model Mpd. The EBD meth-

odology is used again to further refine the product lifecycle

management (PLM) by decomposing its components.

Liu et al. (2009) described components and their rela-

tionships in the PLM environment as depicted in Fig. 8. It

Fig. 8 Stucture of wheel model

provides the foundation for identifying the components, sub-

components and all possible relations about a product in the

DCM process.

Environment analysis

Table 5 shows the environment components residing inDCM.

The human environment includes all involved participants,

such as suppliers, manufacturers, customers, developers,

transporters, distributors, maintainers, managers, and recy-

clers. The natural environment contains natural resources

such as time and space. The built environment includes

objects such as products, organizations, standards, design

data, designknowledge, IT tools, designprocesses anddesign

strategy.

In the environment of DCM, various relations exist

between two components or from a component to itself

or among multi-components. Relations can be described in

words including design, use, share, inquiry, communication,

and so on. In most cases, there are various relations between

two components and each relation may have its attributes,

properties, features and levels, etc. For example, Clark and

Fujimoto (1991) observed the relation of design authority

between suppliers and manufacturers, and divided it into

three levels: full authority, part authority and no author-

ity, while Twigg extended it to eight levels (Twigg 1998).

According to (Sharma 2005), at least three categories of

relations between human and data can be extracted such

as response, requirement/feedback and decision supporting.

Furthermore, there are even relations between two relations.

Table 6 gives an example to show the relations between E11

(developers) and other components (Fig. 9).
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Table 5 Environment

components in PLM Human environment: Eh

Design chain participants E11: developers; E12: manufacturers; E13:

distributors; E14: maintainers; E15: suppliers; E16:

transporters; E17: recyclers; E18:managers;

Built environment: Eb

Processes in PLM E21: requirements; E22:conceptual design; E23:

detail engineering; E24: process engineering; E25:

prototype manufacturing; E26: testing; E27: goal;

E28: strategy; E29: performance;

Product design information E31: configuration; E32: specification; E33: BOM;

E34: engineering changes; E35: cost; E36:

parameters;

Product design standards E41: STEP; E42: PDML; E43: U3D; E44: XML;

IT Tools E51: SCM; E52: PM; E53: CAD; E54: CAE; E55:

PDM; E56: EDM; E57: ERP;

Products E61: mechanical products; E62: aerospace products;

E63: electronic products; E64: service; E65:

automatic products;

Natural environment: En

E71: time; E72: space;

Table 6 Relations between

components
E11 ⊗ E12 Communicate, cooperate E11 ⊗ E21 Plan, execute, monitor

E11 ⊗ E31 Create, change, share E11 ⊗ E41 Adopt

E11 ⊗ E53 Use E11 ⊗ E61 Develop

E11 ⊗ E71 Spend E11 ⊗ E72 Consider
s
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Fig. 9 PLM Relational graph in DCM environment (Liu et al. 2009)

Conflict identification

According to the system component relations identification

in the environment analysis part, the relations among the

relations between system components are identified. This

relation analysis could help find out potential conflicts, which

will be resolved in the next step for further analysis. Table 7

gives an example to show the important possible conflicts

which are generated from environment system relations.

Solution generation

Blake and Mouton first presented five conflict manage-

ment styles as problem-solving, smoothing, forcing, with-

drawal and sharing (Blake and Mouton 1970). Thomas

later relabeled them and proposed five dimensions of con-

flict-handling intensions, including avoiding, accommodat-

ing, competing, compromising and collaborating (Thomas

1992). Conflict resolution techniques include problem-solv-

ing, superordinate goals, expansion of resources, communi-

cation, and restructuring the organization. Table 8 gives the

corresponding solutions to the conflicts in Table 7.

Therefore, according to all the conflicts obtained from

conflict identification and corresponding solutions stemmed

from solution generation, a PLMmodel is derived, as shown

in Fig. 10. It must be noted that there can be more conflicts

in the PLM process than those listed in Tables 7 and 8, which

are just examples to show how to get the product centered

model by using the EBD.

There are six parts implied in the PLM wheel model:

Product Lifecycle; Product Data; Standards; Business Pro-

cesses; Technology Tools; and Stakeholders. This wheel

model classifies and summarizes the types of conflicts that

may appear in the PLM, and supplies corresponding solu-

tions for each type of conflicts. The product lifecycle level

(C1S1, C2S2) refers to the conflicts appearing in the prod-

uct development phase, production phase, distribution phase,

operation phase and retirement phase. Product data level
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Fig. 10 PLMWheel model

Table 7 Conflict identification

Relations Possible conflicts

E29 ⊗ E18,E18 ⊗ E35 Collaboration performance and transaction

cost (C1)

E12 ⊗ E15,E15 ⊗ E29 Various suppliers have different ability in

product development process(C2)

E12 ⊗ E32,E15 ⊗ E32 Inconsistency of engineering data due to

change (C3)

E11 ⊗ E36,E15 ⊗ E36 Incompatibility between Information sharing

and protection (C4)

E11 ⊗ E23,E12 ⊗ E23 Inconsistency between design processes of

different participants (C5)

E18 ⊗ E34,E11 ⊗ E34 Incompatible perspectives of different

participants (C6)

E14 ⊗ E26,E14 ⊗ E26 Release more design control authority to

increase communication (C7)

E27 ⊗ E28 Process contradictory (C8)

E11 ⊗ E26,E11 ⊗ E26 Incompatible between different tools (C9)

E11 ⊗ E27,E12 ⊗ E27 Incompatible goals of different participants

(C10)

E11 ⊗ E28,E18 ⊗ E28 Inconsistent strategies among different

participants (C11)

(C3S3, C4S4) represents conflicts about data format, shar-

ing mechanism, technology standards, information seman-

tics, product parameters and product related knowledge in

PLM. There are many standards in the stages of the prod-

uct lifecycle, the origin, the scope and the development pro-

cess (Nyere 2006). At the standards level (C5S5, C6S6)

includes all the problems about standards. Business process

level (C7S7, C8S8) represents all conflicts about product

market strategy, product portfolio planning, product platform

planning, customer requirements, product specification, con-

ceptual design, detailed design, design analysis, prototyping

and testing, process planning, inventory management, sourc-

ing production, inspection, packing, distribution, operation

and service, disposal and recycle (Ameri and Dutta 2004;

Wu et al. 2007). Technology tools level (C9S9) includes

conflicts in the technology tool applications. Stakeholders

level (C10S10, C11S11) contains problems in different par-

ticipants, such as diverse competitive goals among differ-

ent partners and the inconsistent strategies among different

participants.

The collaboration in product lifecycle phase and infor-

mation sharing mechanism in product data phase can be

supported by communication, collaboration, sharing mech-

anism and project management. Business processes phase

is operated through the functionalities such as data man-

agement, change management, configuration management,

document management, and knowledge management and

so on, while standards phase works well based on stan-

dardization, uniform and integration. Trust communica-

tion, negotiation and authority distribution are the core

strategies to solve the problems between different partic-

ipants in stakeholder phase. Finally, uniform, integration

and establishment enhance the efficiency in technology tools

phase.

Once we get the product centered model, the refinement

for the wheel model can be constructed based on Fig. 11.

From the example above, it is clear how to get the process

centeredmodel, the task centeredmodel and the performance

centered model by using EBD methodology. Therefore, the

whole wheel model can be completed when these three mod-

els are generated.

Example

In this section, protection of confidential information in

design chain management is chosen and addressed for an

industrial product. The objective of this section is to show

that the proposed conceptual model of design chain manage-

ment can clarify and resolve unresolved conflict effectively.

Background

In this part, a real industrial product—Compressed Natural

Gas Dryer (Geng and Li 2008) is studied. It is a dual tower

heat— reactivated equipment for natural gas dry procedure,

whose primary function is to provide dry natural gas.

Firstly, it is necessary to explain why we are concerned

about the confidential information protection for this prod-

uct. Generally speaking, natural gas must be dried before

it can be put into use. The Compressed Natural Gas Dryer

introduced in this section has been the major product of a

company ABC, which owns a big share of the market. Com-

pany ABC’s competitors have always wanted to obtain the

key technical parameters of the dryer for their own prod-

uct development. One way they have tried is to go through

company ABC’s suppliers and customers, in an attempt to
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Table 8 Possible solution

generation Conflict descriptions Suggested solutions

Collaboration performance and transaction cost (C1) Web based collaboration software, collaboration

performance assessment (S1)

Various suppliers have different ability in product

development process(C2)

Design partner selection (S2)

Inconsistency of engineering data due to change (C3) Collaboration and communication (S3)

Incompatibility between Information sharing and

protection (C4)

Collaboration and secure information sharing

strategy (S4)

Inconsistency between design processes of different

participants (C5)

Mapping existing processes to the predefined

process templates (S5)

Incompatible perspectives of different participants

(C6)

Collaboration and communication (S6)

Release more design control authority to increase

communication (C7)

Centralization (S7)

Process contradictory (C8) Process collaboration and coordination (S8)

Incompatible between different tools (C9) Standardization and coordination (S9)

Incompatible goals of different participants (C10) Goals collaboration (S10)

Inconsistent strategies among different participants

(C11)

Strategies collaboration and communication (S11)
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Fig. 11 Development for conceptual model of DCM

reverse engineer the dryer. One of the company ABC’s ear-

lier dryer was copied by one of its competitors successfully.

In order to avoid the leakage of the key technical information

of their newly upgraded product, the company adopted the

methodology similar to what we have derived below.

Solutions from the presented formalization approach

According to the analysis based on conceptual model of

DCM given in Eq. (16), Fig. 8 and Table 7, there exists a con-

flict between developers and suppliers regarding the access

to the confidential information held by the developers. This is

shown in Fig. 12. It is hard to make a decision for developers

about what design parameters can be safely shared with their

suppliers. On the one hand, suppliers need design parameters

to supply proper assembly parts. On the other hand, develop-

ers want to protect product data for legal and/or competition

purposes.

This conflict can be mathematically represented as

C [require (E15,E36), protect (E11,E36)], (17)

where require (E15,E36), shows the relationship “require”

from suppliers E15 to product parameters E36whereas protect

(E11,E36) shows the relationship “protect” between devel-

opers E11 and product parameters E36.

According to the conceptualmodel ofDCM, collaboration

and sharingmechanismwill be used to show how the conflict

in Eq. (17) can be resolved. For the conflict (S4) between

developers and suppliers mentioned in Sect. “Refinement

of DCM Conceptual Model”, available solutions have to

be designed and performed until suppliers can access the

required data.

The first candidate solution would be to merge developers

E11 and suppliers E15 into a new object E
∗
11.

E∗
11 = E11 ⊕ E15

= E11 ∪E15 ∪ (E11 ⊗ E15)∪ (E15 ⊗ E11) .

(18)

The interaction (E11 ⊗ E15)∪(E15⊗E11) can be a collabora-

tion relationship established based on a confidentiality agree-

ment between the developers E11 and suppliers E15, shown

as collaborate (E11,E15) . As a result, the solution can be

represented as

C
[

require (E11,E36), protect (E15,E36)
]

→ E∗
11. (19)
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Fig. 12 Conflict between developers and suppliers

The second candidate solution (Zhang et al. 2011a) would

be to divide the object E36 such that

E36 = E136 ⊕ E236 = E136 ∪E
2
36 ∪(E136 ⊗ E236)∪(E236 ⊗ E136).

(20)

In this decomposition, the suppliers would be able to access

the parameter E136 necessary for theirworkwhile the develop-

ers will protect their data e24. The key becomes how to devise

a reliable interaction mechanism (E136 ⊗ E236)∪(E236 ⊗ E136).

As a result, the solution can be represented as

C[require(E11,E36), protect(E15,E36)] → E136 ⊕ E236. (21)

The solutions can be chosen based on different situations. It

is better to divide the data into two irrelative parts, so devel-

opers can protect what they try to keep confidential and sup-

pliers can get what they want. However, if the data cannot be

divided, a confidentiality agreement between the developers

and suppliers can be established, which can largely reduce

the information leakage risk level.

Confidential information protection technique

Since themost important confidential information is included

in the regeneration process, the confidential information risk

analysis will be only focused on this process. The paramers

to be protected are listed in the priority of protection level

(Table 9).

Paramerter T1 plays a key role for the generation process.

It is regarded as the top level parameters for confidential pro-

tection. The recovering T1 process is shown in Fig. 13.

Table 9 Priority of protection level

Priority of protection level

Top level

Process parameters Pressure

Flow rate

Temperature

Empirical coefficient Used for engineering design

Moderate level

Mechanical parameters Product model for purchasing parts

of equipments

Blower 

Blower Motor

Heater Rating

Flow Rate

T1

Fig. 13 Recovering T1 process

If one supplier is designed to provide all these three equip-

ments (blower, motor and heater), the risk level of informa-

tion leakage would be very high. According to the previous

analysis, there are two solutions. One is that company makes

a collaboration relationship established based on a confiden-

tiality agreement; however, since paramerter T1 plays a key

role for the generation process, a more stable solution should

be considered. The principle of extraction will be applied in

this case. Instead of one supplier providing all three parts, the

heater, blower and blower motor should be split into small

assembly parts and respectively distributed to independent

suppliers, the risk level is getting lower. The company can

devide these important equipments into small pieces and

manufacture the core parts themselves, so it is hard for com-

petitors to know exactly what are the original equipments.

Figure 14 describes the methodology used for increasing

production complexity against the malicious reverse engi-

neering of the product confidential information. The key is

to break the relationships between products or within one

part, which leads to less probability for tracing parameters.

The details of the techniques are given in Zhang et al.

(2011a,b).

Conclusion and future work

This paper contributes to the design chain management by

formalizingdesign chain systems into a comprehensiveDCM

conceptual model in the context of Product Lifecycle Man-

agement (PLM). Design chain involves various complex

components and relationships, which present considerable
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Fig. 14 Conceptual DCM model 1

challenges for DCM. Furthermore, informal explanations

of the relationships in the DCM bring additional ambigui-

ties. The formalization process leads to a wheel model for

the design chain management. Existing literature attempted

to address complete collaboration and design process man-

agement issues; however, the informal foundation and static

nature of those design chain management reference mod-

els not only restrict clear definition of DCM but also limit

its future development. Therefore, we propose a derivable

mathematical representation to clarify unresolved conflict

toward an improved conceptual model, which integrates the

product design process, the collaboration hierarchy model,

DCOR model and the design chain management process.

The mathematical representation reveals unacceptable con-

flicts between environment components implied in the design

chain environment, which presents clear definitions of the

design chain participants, design process and the relationship

between available technologies andmodels inDCM.Further-

more, models are constructed to remove the unacceptable

conflicts in the DCM, which also identifies new problems

for the design chain collaboration.

Future work includes the identification of more relations

and conflicts by refining theDCMcomponents and their rela-

tionships. As a result, the wheel model will be completed by

adding process, task, and performance centered models.
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