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Abstract Satisfying diverse customer needs leads to pro-
liferation of product variants. It is imperative to model
the coherence of functional, product and process varie-
ties throughout the design chain. Based on a model-based
systems engineering approach, this paper applies the Sys-
tems Modeling Language (SysML) to model design chain
information. To support variety management decisions,
the SysML-based information models are further imple-
mented as a variety coding information system. A case
study of switchgear enclosure production reconfiguration
system demonstrates that SysML-based information model-
ing excels in conducting requirements, structural, behavioral
and constraints analysis and in performing trade-off study. In
addition, it maintains semantic coherence along the design
chain, keeps traceability across different levels of abstrac-
tion, thus improving interoperability among heterogeneous
tools.
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Introduction

A design chain underpins a series of activities that are
coordinated based on heterogeneous information throughout
the product realization process, including product planning,
concept development, embodiment design, detail design,
testing and refinement, and production planning. Conse-
quently, as an integral part of product lifecycle management,
Design Chain Management (DCM) has emerged as a sys-
tems engineering methodology, emphasizing the coherence
of managing engineering and business functions across inter-
nal and external organizational collaborations (Ming et al.
2005; Zeng 2004). It aims at coordinating distributed par-
ticipants in a design chain such that they can contribute to
various capabilities necessary for product development in a
manner that facilitates full-scale manufacture to commence
(Twigg 2005). The available studies on DCM are mainly
concerned with theories, methodologies, information plat-
forms and managerial implications in the field of collabora-
tive product development, such as the design chain opera-
tions reference model (Nyere 2006) and design chain partner
selection (Akira 2001; Wang and Lin 2006).

As manufacturing enterprises become increasingly con-
cerned with meeting the dynamic requirements of a global
marketplace, it is paramount important to effectively and
efficiently handle frequent design changes and process vari-
ations. This necessitates a systematic means of managing
product variety that is conducive to customer satisfactions
while leveraging legacy investment in design and produc-
tion (Panchal et al. 2009). Due to the finite manufacturing
resources existing on shop floors, manufacturers are con-
fronted with difficulties in dealing with variety dilemma
(Jiao et al. 2000; Ramdas 2003). The direct consequence of
product customization on production is evidenced by expo-
nentially increased process variety, resulting in production
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Fig. 1 A holistic view of DCM

variations and consumption of extra resources on the shop
floor. In this regard, product variety imposes higher pro-
duction costs, including the incremental fixed investments
on, e.g., machines, tools, fixtures, setups, cycle times, and
labor, on a design chain (Jiao et al. 2007). To systemat-
ically justify a variety management strategy, it is impor-
tant to explore how design changes propagate from design
to production and to facilitate variety decision-making at
different organizational levels (Ulrich et al. 1998; Ramdas
2003).

Successful variety decision-making requires both the abil-
ity to predict the impact of product design on produc-
tion planning and the specific guidelines addressing the
fundamental issue of increasing variety while reducing
costs. Among many design for X methodologies, design
for production (DFP) lends itself to be effective in
integrating design with production, and in particular
coordinating product and process varieties (PPV)
(Chincholkar et al. 2003). In this paper, we focus on one
important guideline for DFP: production reconfiguration
(i.e., the configuration of processes from existing elements,
such as operations, machines, and tools) (Salvador et al.
2009; Zhang et al. 2010). In production reconfiguration, the
useful information, domain specific, and proven experien-
tial knowledge of the past design and production is reused
in new design problems, resulting in efficient and effective
PPV management.

To implement production reconfiguration, decision sup-
port tools are required to compile useful information embed-
ded in data and knowledge bases, to perform trade-off
analysis with respect to product variety, production costs and
performance, and ultimately to make better variety manage-
ment decisions. In this regard, the key challenge of decision
making support lies in the formal modeling and simulation
techniques, which incorporate a production perspective to
DCM (Huang et al. 2007; Johnson et al. 2008). By capitaliz-
ing on modeling and simulation, decision support to DFP is
expected to synthesize design alternatives, evaluate produc-
tion performance, select alternatives, and finally configure
optimal design and production.

A holistic view of DCM

Figure 1 presents a holistic view of DCM along the entire
spectrum of product realization. It encompasses a series of
domain mappings from customer needs (CNs) to functional
requirements (FRs), to design parameters (DPs), to process
variables (PVs), and to logistics variables (LVs) (Suh 2001).
Different from supply chain management, which focuses on
the PV and LV domains, DCM deals with issues associated
with the first four domains ranging from CNs to PVs. While
the CN-FR mapping results in specifications of functional
variety, the mapping from FRs to DPs entails product variety
to satisfy functional variety. The fulfillment of DPs is embod-
ied as PVs, involving PPV coordination. Similarly, PV-LV
mapping is associated with coordination of process and sup-
ply varieties. Moreover, information sharing in a design chain
is important to the supporting activities, including partner
selection, coordination mechanism and performance evalua-
tion.

Design chain information modeling is very complex
because of a series of multi-disciplinary activities and a col-
laborative distributed environment, as shown in Fig. 1. Con-
sequently, it is imperative to analyze design chain systems
by multi-view information modeling, such as requirements,
structure, behaviors, and constraints (Shah et al. 2009). On
the other hand, due to the lack of systematic approaches in
dealing with frequent design changes and process variations,
effective variety management becomes extremely important.
In view of the above issues, in this study, we adopt a model-
based systems engineering approach to develop an informa-
tion model with the Systems Modeling Language (SysML),
in attempting to manage PPV in production reconfiguration.
First, we elaborate below technical challenges and the corre-
sponding solutions.

Technical challenges

1. Management of system complexity: Design chain infor-
mation system is a large-scale, complex system, con-
sisting of heterogeneous components such as hardware,
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software, data, people, and facilities. It becomes increas-
ingly complex when these components are handled
by multi-disciplinary development teams. Competitive
pressures demand that an information system must
leverage technological advances to satisfy various cus-
tomer needs, resulting in product variety at reduced
costs (Friedenthal et al. 2008). In particular, this requires
a systematic and multi-disciplinary approach that can
manage system complexity.

2. Semantic coherence: In practice, product design and
production planning information is managed in the
forms of engineering documents, CAD drawings, bill of
materials (BOMs), process routings, etc. Due to these
different formats and the large volumes of data and
information, a fundamental issue in information mod-
eling is to ensure semantic coherence. In the context of
DCM, this requires semantic mapping along the CN,
FR, DP and PV domains. Such mapping involves not
only semantics within each domain but also informa-
tion content consistency across domains. However, the
increasing product complexity makes it difficult to main-
tain information traceability across different domains,
for example, keeping traceability across decision hier-
archy when configuring BOMs and routings, and estab-
lishing the correspondence relationships between them.
Moreover, different modeling languages demand inter-
operability among heterogeneous tools (e.g., CAD,
CAE, discrete event simulation). Consequently, it under-
scores the importance in developing an information
model using a formal language to ensure semantic coher-
ence.

3. Coordinated product and process varieties: One of the
key challenges in effective variety management arises
from the traditional approaches to handling variety,
where product variants are treated separately by specify-
ing individual BOMs. Such approaches work well with
a small number of variants, but not with a large num-
ber of variants (Jiao et al. 2000). The major reason is
that the diverse product features and their various com-
binations result in not only large product variety but
complex BOM structures. Moreover, due to recurrent
process variations, how to configure process routings
in an effective and efficient way suggests itself as an
important issue to be addressed. Accordingly, variety
management turns out to be an effective way to achieve
production reconfiguration. However, in order to recon-
figure production resources, it is essential to find a way
that can coordinate PPV from both design and produc-
tion perspectives.

4. Design chain decision support: Among various deci-
sions, variety implementation decisions are very chal-
lenging. This is because these decisions involve both
product and process varieties, their integration, man-

agement and creation. In this regard, decision support is
necessary for identifying the impact of these decisions
on production costs and performance in the early stage
of a design chain. This requires the information sys-
tem to conduct performance evaluation by establishing
performance indicators (e.g., production rate, resource
utilization), handling constraints and satisfying multiple
objectives, such as production costs and lead time min-
imization (Grabot et al. 1996).

Strategy for solution

1. Model-based systems engineering: Increased system
complexity demands rigorous and formalized systems
engineering practice. Model-based systems engineering
helps manage complexity and improve communications
among multi-disciplinary development teams. As an
enabler for model-based systems engineering, SysML
is capable of representing requirements, structure, func-
tions, and behaviors of complex systems. A SysML
model can be used to conduct simulation studies by
combining SysML modeling constructs with other exe-
cution environments, such as Modelica and Simscape
(Johnson et al. 2007; Cao et al. 2010). To support appli-
cations that beyond software engineering, SysML reuses
and extends the below subset of UML 2.1 constructs
(Friedenthal et al. 2008): (1) extending UML classes into
blocks; (2) enabling requirements modeling; (3) sup-
porting parametric modeling; and (4) extending UML
standard ports to flow ports. Through these extensions,
a SysML model can represent many essential aspects
of a system using the requirement, structure, behavior,
and parametric diagrams. Figure 2 depicts the SysML
diagram taxonomy.

2. SysML for information modeling: The semantics ensured
by SysML enables a modeler to develop an integrated
model where model elements in one diagram can be
related to model elements in another diagrams. The
use of XMI format enables SysML to be interchange-
able between different software tools. Therefore, a
SysML-based information model bridges the seman-
tic gap between heterogeneous systems, and multiple
disciplines as well. Moreover, the SysML-based infor-
mation model allows changes to any artifacts to be
traced between the requirements and specifications. It
can improve the interoperability among various tools
for requirements, structural, behavioral, and constraint
analysis. A requirements model captures the functional,
design, and process requirements and relationships
among them. This is accomplished through satisfy, ver-
ify, refine, derive, trace, and containment relationships.
A structural model is used to capture key elements of
production reconfiguration with focus on generic vari-
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Fig. 2 The SysML diagram
taxonomy (OMG 2009)
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ety planning (GVP) along with design and manufactur-
ing feature mapping. A behavior model captures infor-
mation flows along the CN, FR, DP, and PV domains.
A constraint model can represent constraints on system
properties. Each parametric diagram models a particular
aspect of the system (e.g., cycle time, design and manu-
facturing costs, resource utilization). Multiple paramet-
ric diagrams can then be created to support trade-off
analysis by combining with other execution environ-
ments.

3. Generic variety planning (GVP): Inherent in a fam-
ily of customized products and the corresponding pro-
cesses, there exist a common product structure and a
common process structure (Jiao et al. 2007). Product
and process differentiation is embodied in diverse vari-
ants of such common structures. Capitalizing on these
common structures, we propose a concept of GVP to
unify the functional, design, and production structures,
in attempting to support PPV coordination. Viewed from
an architecture perspective, GVP involves a generic vari-
ety structure (GVS) and GVS instantiation (i.e., generic
planning). It models variety propagation from the DP
domain to the PV domain. In line with the fact that vari-
ety features link DPs to PVs, a feature-based represen-
tation scheme is integrated into GVP to ensure product
semantics.

4. Variety coding information system: Based on the
SysML-based information model, a variety coding
information system is developed to implement
production reconfiguration. Underpinning the coding
information system, a variety coding methodology
accommodates PPV coordination based on variety map-
ping between the DP and PV domains. On the other
hand, variety implementation decision support is driven
by a data, knowledge and model repository. This repos-
itory is built on a coding scheme and a coding database.
A three-layer mapping mechanism across the planning,
feature, and coding layers further helps keep traceability
across different levels of abstraction.

In the next section, we present the related work on
DCM, information models, modeling languages, and vari-
ety management. Section “Application case” introduces
an application case of switchgear enclosure production
reconfiguration. The GVP is discussed in “Generic variety
planning” to coordinate functional, product, and process vari-
eties of switchgear enclosures. Section “A SysML model
for production reconfiguration” presents the SysML-based
information model for the switchgear enclosure production
reconfiguration. In “Variety coding information system”, a
variety coding information system is developed based on
the SysML-based information model to demonstrate vari-
ety management. We conclude the paper in “Concluding
remarks” with an outline of potential avenues for future
research.

Related work

Design chain management

A design chain is referred to as the relationships between
a product assembler and his part suppliers (Clark, 1988). It
involves concept design, detail engineering, process engi-
neering, and prototype manufacturing (Twigg 1998). Poirier
and Reiter (1996) extend this chain concept to a prod-
uct development chain, which involves product assemblers,
suppliers and customers. Liu and Zeng (2010) formalize
DCM using the environment-based design theory. Wu et al.
(2007) establish a universally applicable collaborative design
reference model and apply it to the motorcycle industry.
Nagarajan et al. (2004) study design chain partner selec-
tion problem for co-development. IBM (2007) proposes a
product development integration and service oriented archi-
tecture, where DCM enables the business-centric view of an
entire enterprise that orchestrates various product and pro-
cess functions. As one of the critical issues associated with
DCM, capturing the full range of engineering information
commonly shared in product development is very important.
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This calls for a multi-view information model that allows
for the exchange of information generated in various prod-
uct development activities within a single company, or even
across companies in a heterogeneous environment (Sudarsan
et al. 2005).

Information models

Many formation models associated with product design and
manufacturing are proposed to address various issues based
on different modeling tools. Candadai et al. (1996) discuss
a STEP-based product information model for exchange of
production information between designers and manufactur-
ing personnel. Recognizing the inefficiency of the exist-
ing approaches towards computer aided conceptual design,
Brunetti and Golob (2000) develop a feature-based product
model to capture product semantics handled in the conceptual
design phase. Zha and Sriram (2006) propose a knowledge-
intensive support framework to assist platform-based prod-
uct design with focus on customer requirements modeling,
product architecture modeling, product platform establish-
ment and product variant assessment. Sudarsan et al. (2005)
propose a unified view of the NIST core product model and
open assembly model in UML to support tolerance repre-
sentation and propagation, representation of kinematics, and
engineering analysis at the system level.

Since the 1990’s, various ontology-based methods have
been developed to represent knowledge and to generate inter-
ontology mapping. Cho et al. (2006) propose meta-concepts
for ontology developers to consistently identify domain con-
cepts of parts libraries and to systematically structure them.
Lin et al. (2004) propose a manufacturing system engineering
ontology to enhance the semantic interoperability and reuse
of knowledge resources. Li and Ramani (2007) propose to
use shallow natural language processing and domain-specific
design ontology for design information retrieval. Fiorentini
et al. (2008) analyze the requirements for the development
of structured knowledge representation models for manufac-
turing products using ontology. Lim et al. (2010) propose
a methodology for building a semantically annotated multi-
faceted ontology for product family modeling.

As a general-purpose modeling language, SysML has
recently received increased attention. Researchers have
approached SysML from different perspectives to address
different issues. For instance, Johnson et al. (2007) put for-
ward a formal approach to model dynamic system behaviors
in SysML by means of a language mapping between SysML
and Modelica. Peak et al. (2007) introduce SysML paramet-
ric concepts to demonstrate how SysML captures engineering
knowledge in a reusable form. Huang et al. (2007) explore the
use of SysML to model a system and to support the automatic
generation of simulation models.

Modeling languages

Information models can be developed based on a number of
modeling languages, such as IDEF, EXPRESS, UML, and
SysML. IDEF is a family of modeling methods, each of
which addresses a unique aspect of the system under con-
sideration. When individual IDEF methods are combined
together, they incorporate more product life cycle concerns
early in the design process. The IDEF family is designed to
promote the integration in such environments, where optimal
results depend on the effective use of enterprise information
and knowledge assets (Mayer et al. 1995). EXPRESS is a
modeling language for specifying information requirements
of product data. It is formalized in the ISO standard for the
exchange of product model. The main feature of EXPRESS
is the possibility to formally validate a population of data
types. Moreover, it can be used to explicitly describe com-
plex constraints, data structures and relationships for engi-
neering activities (Loffredo 1998). UML is a standardized
modeling language for creating visual models of software
systems and for automatically generating code. With their
unique features, IDEF, EXPRESS, and UML all can be used
to develop conceptual information models (Lee 1999).

SysML is a UML profile which allows modeling sys-
tems from a domain neutral perspective (OMG 2009). The
advantages of SysML over UML is that SysML allows
modelers to use requirement diagrams to efficiently capture
functional and performance requirements, along with their
relationships, whereas with UML, modelers are subject to
the limitations of use case diagrams to define high-level func-
tional requirements (Friedenthal et al. 2008). With SysML,
parametric diagrams can be used to precisely define perfor-
mance and quantitative constraints, whereas UML provides
no straightforward means to capture such information. In
this paper, we focus on SysML-based information modeling
to address variety management in production reconfigura-
tion.

Variety management

Simply increasing variety does not guarantee an increase in
profits. On the contrary, it jeopardizes a manufacturing firm’s
competitiveness. Thus, variety management suggests itself
to be an important dimension of successful business practice
(Ramdas 2003). Olavson and Fry (2006) describe variety
management principles and process to help companies bet-
ter understand variety and make optimal decisions. Zipkin
(2001) analyzes the opportunities to implement high variety
strategy ensuring that customers are not confused with the
complexity inherent in mass customization. Ramdas et al.
(2010) propose a methodology to help managers navigate
the complex decisions of product differentiation.
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To address variety management from the engineering per-
spective, van Veen and Wortmann (1992) proposes a con-
cept of generic BOM. Essentially, a generic BOM organizes
all design data pertaining to a product family as a single
structure using generic representation. In dealing with the
interconnections between products and processes, most of the
traditional approaches treat product and process variants sep-
arately by developing individual BOMs and routings. Ulrich
(1995) defines product architecture and discusses its impact to
cope with product variety. Robertson and Ulrich (1998) fur-
ther define the product platform concept for reducing prod-
uct variety complexity. Incorporating production data in the
generic BOM, Jiao et al. (2000) put forward generic bills-
of-materials-and-operations to accommodate management of
large numbers of product and process variants. Martin and
Ishii (2002) describe a design for variety methodology to aid
in developing a product platform architecture that incorpo-
rates standardization and modularization. Jiao et al. (2007)
present a holistic view of variety management geared towards
the derivation of product and process variants with given cus-
tomer requirements, including generic variety representation,
generic product and process structures, and generic planning.

Application case

In this paper, switchgear enclosures are adopted as a run-
ning example to demonstrate the success of a SysML-based
information model in variety management for production
reconfiguration. To survive the intensive global business
competition, the case company struggles to produce diverse
switchgear enclosure variants while maintaining profitable
costs. This requires an information system that can provide
decision support to variety management in switchgear enclo-
sure production reconfiguration.

As a typical sheet metal product, a switchgear enclo-
sure consists of a number of components, including assem-
blies, subassemblies and basic components at different levels
of the product hierarchy. Figure 3 shows some key com-
ponents of a switchgear enclosure (e.g., basis frame, end
plates, floor plates, roof plates, rear assembly). Built upon
the common product and process structures inherent in the
family of switchgear enclosures, GVP unifies the functional,
design, and production structures of switchgear enclosures.
Accordingly, it is applied to coordinate the large variety
of switchgear enclosures and corresponding manufacturing

Fig. 3 A switchgear enclosure
and its key components
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processes by linking DPs to PVs with common variety feature
information. The application of GVP to switchgear enclosure
production reconfiguration is presented in “Generic variety
planning”.

In managing system complexity, a SysML-based informa-
tion model is developed to perform requirements, structural,
behavioral, and constraint analysis. It captures the structure
of the switchgear production reconfiguration system, speci-
fies requirements from different stakeholders (e.g., custom-
ers, designers, process engineers), analyzes the constraints on
physical and performance properties (e.g., production rate,
resource utilization, manufacturing costs), evaluates alterna-
tives, and ultimately provides decision support to meet costs
and performance objectives. The SysML-based information
model for switchgear enclosure production reconfiguration
is discussed in “ A SysML model for production reconfigu-
ration”.

With the SysML-based information model, a prototypical
information system is further developed to demonstrate its
effectiveness in switchgear enclosure production reconfigu-
ration. Underpinning the variety coding information system,
the variety coding methodology includes a coding scheme
and a code database. In addition, a frame-based knowledge
base is developed to coordinate product design and manu-
facturing process knowledge. The prototypical information
system for switchgear enclosure production reconfiguration
is introduced in “Variety coding information system”.

Generic variety planning

As the underlying mechanism to coordinate the functional,
product, and process varieties, GVP involves a static GVS
and its dynamic instantiation in generic planning. The GVS
includes a generic function structure (GFS), a generic design
structure (GDS), and a generic production structure (GPS).
Underpinned by the GVS, generic planning entails the deri-
vation of variants by instantiating parameters organized in
the GVS. GVP assists designers to better understand the
impact of variety features on PPV and variety propagation
from design to production.

Generic function structure

A product is designed to achieve a certain system overall
function. The delivery of such a system overall function is
normally accomplished through the realization of a number
of child functions (Alblas et al. 2010). In turn, these child
functions have their own child functions along with their
relationships. The decomposition of the overall function into
child functions at different levels forms a GFS pertaining to
a product family, as shown in Fig. 4a. Each node corresponds
to a generic function, representing a number of function vari-

ants of the same type. The large number of valid combination
of function variants at different levels of the hierarchy gives
rise to diverse product variants.

Generic design structure

As with the GFS underlying a product family from a func-
tional perspective, the GDS embodies a product family from
a design perspective. The GDS in relation to a product family
is characterized by (1) product structure, (2) variety feature,
and (3) configuration constraint.

1. Product structure: Product structure refers to the hier-
archy of the product-assembly-subassemblies-parts tree
(BOM) and the associated individual parts, subassem-
blies, and assemblies that constitute the hierarchy, as
shown in Fig. 4b. All variants of a product family share
such a common tree structure which reveals the topology
for end-product configuration.

2. Variety feature: A variety feature is an attribute associ-
ated with an artifact that has a specific function assigned
to it. Different instances of a particular variety feature
represent the diversity of variety feature variants, thus
creating product or process variety. Five fundamental
variety design features are: (a) color, (b) material, (c)
thickness, (d) number of components and (e) structure
configuration. Since each component of a switchgear
enclosure can be offered in similar geometry, geometry
is not considered as a variety design feature in this study.

3. Configuration constraint: A constraint is a specific
shared property of a set of entities that must hold in all
cases. An example of a constraint is as follows: Certain
values of one variety feature are only compatible with
some values of another variety feature. Such restrictions
form the bases of configuration constraints, guiding the
valid combination of variety feature values.

For the family of switchgear enclosures in the applica-
tion case, the GDS has been constructed, as shown in Fig. 5.
Each node in the GDS represents a generic item; the number
above each node denotes the quantity per of the represented
generic item in one generic parent item (e.g., 12 rivets are
necessary in a rear assembly). Take a basis frame as an exam-
ple. Table 1 gives the detailed product data, such as variety
features and feature value set. As an immediate child com-
ponent of a switchgear enclosure, the basis frame has its own
child components, such as top bracket, bottom bracket, and
vertical bracket (Note, as standard parts, screws are not given
in Table 1). Each child component is characterized by a num-
ber of parameters, each of which assumes a number of value
instances given in Table 1. Also given in Table 1 are some
examples of constraints among parameters.
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Table 1 An example of generic items and variety feature for switchgear
enclosures

Generic item Variety feature Feature value set

Basis frame Configuration 1/2/3 compartment(s)

Color White; Grey; Blue; Black

Material Aluminum; Steel; Copper

Thickness 1/2/4 mm

Top bracket Color White; Grey; Blue; Black

Material Aluminum; Steel; Copper

Thickness 1/2/4 mm

Bottom bracket Color White; Grey; Blue; Black

Material Aluminum; Steel; Copper

Thickness 1/2/4 mm

Vertical bracket Color White; Grey; Blue; Black

Material Aluminum; Steel; Copper

Thickness 1/2/4 mm

Constraint # Constraints fields Constraint type

1 TopBracket.Material Material compatible

BottomBracket.Material

VerticalBracket.Material

2 TopBracket.Color Color compatible

BottomBracket.Color

VerticalBracket.Color

Generic production structure

The design similarity inherent in a product family leads to
process similarity among the routings to produce the corre-
sponding product family members. Such process similarity
is embodied by the similar process elements, such as oper-
ations, operation precedence and manufacturing resources.
Resulting from the process similarity, the routings to pro-
duce a product family can be organized as the GPS, as shown
in Fig. 4c. In the GPS, Each node denotes a generic opera-

tion, be it a manufacturing or assembly type. It is described
by a generic work center, setup and cycle time. The various
combinations of specific work centers, cycle times and set-
ups lead to operation variants necessary to produce a given
product item.

Similarly, the GPS for the process family of switchgear
enclosures has been constructed, as shown in Fig. 6. Each
node in the GPS represents a generic operation. For exam-
ple, to produce Top Bracket in Fig. 5, an assembly operation,
AT B , and two manufacturing operations, MB1 and MB2, are
necessary. Table 2 gives the details of the generic operations
involved in producing Basis Frame.

Generic planning

Generic planning is introduced to determine specific func-
tion, product, and process variants through instantiation of
the GVS, as shown in Fig. 4d–g. It involves two steps. In
the first step, the GFS, GDS, and GPS are unified into a
single generic structure, the GVS in Fig. 4d. A single-level
GVS is first derived by specifying the sequence of operations
required for producing an item in conjunction with materials
and resources. Subsequently, the multi-level GVS is obtained
by linking the single-level GVS of lower-level intermedi-
ate components through the operations that require them.
The second step is to instantiate the GVS with respect to the
given values of particular variety features specified in a cus-
tomer order, as shown in Fig. 4h. The instantiation results in
the required product variant, the corresponding process var-
iant (i.e., routing) and the hierarchy of the specific functions
involved in the product variant, as shown in Fig. 4e–g.

A SysML model for production reconfiguration

The development of the information model for the produc-
tion reconfiguration system poses many challenges, such as

ABF

ATB ABB AVB

ARA ACD

ASE

(WC-A*TB,

TA*TB, SA*TB) (WC-A*BB,

TA*BB, SA*BB)

(WC-A*VB,

TA*VB, SA*VB)

(WC-A*RA,

TA*RA, SA*RA)

(WC-A*BF,

TA*BF, SA*BF)
(WC-A*CD,

TA*CD, SA*CD)

(WC-A*SE,

TA*SE, SA*SE)

MB1 MB2 MB1 MB2 MP

(WC-M*B1,

TM*B1, SM*B1)

WC - Work Center
T - Cycle Time
S - Setup
TB - Top Bracket
BB - Bottom Bracket
VB - Vertical Bracket
BF - Basis Frame
RA - Rear Assembly
CD - Compartment Door
SE - Switchgear Enclosure
B - Beam
P - Pillar

Legend:

(WC-M*B2,

TM*B2, SM*B2)
(WC-M*P,

TM*P, SM*P)

A Assembly Operation

Operation Sequence

M Machining Operation

Fig. 6 The GPS of the switchgear enclosure family
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Table 2 Generic operations for “Basis Frame” assembly

Generic operation Generic item Variety feature Part Work center Cycle
time

Fixture/
setup

Top bracket
fabrication 1

Top bracket Color White/Grey/Blue/Black Painting machine 10 Fixture 1

Material Aluminum/Steel/Copper

Thickness 1/2/4 mm Rolling machine 20

Bottom bracket
fabrication 2

Bottom bracket Color White/Grey/Blue/Black Painting machine 12 Fixture 2

Material Aluminum/Steel/Copper

Thickness 1/2/4 mm Rolling machine 22

Vertical bracket
fabrication 3

Vertical bracket Color White/Grey/Blue/Black Painting machine 20 Fixture 3

Material Aluminum/Steel/Copper

Thickness 1/2/4 mm Rolling machine 30

The unit of measure for cycle time is minute

encoding system complexity, ensuring semantics, capturing
variety handling framework, and representing decision sup-
port process, as discussed in “A holistic view of DCM”. Due
to the system complexity, the information model involves
many elements. For clarity, definitions for some key elements
that constitute the information model are listed in the nomen-
clature.

As pointed out by Friedenthal et al. (2008), model-
ing requirements, structure, behaviors, and constraints can
provide a robust system description. Therefore, the SysML-
based information model for production reconfiguration con-
sists of (1) requirements analysis, (2) structural analysis, (3)
behavioral analysis, and (4) constraint analysis.

Requirements analysis depicts the hierarchy of require-
ments and interrelationships among requirements. The fea-
ture-based GVP structural model captures the key elements
of production reconfiguration system and variety features
pertaining to design and production. The behavior model
captures the flow of information along multiple domains.
Constraint analysis facilitates the simulation of production
performance and costs and performs verification and vali-
dation against system requirements. The behavior model of
decision support process is developed to integrate require-
ments, structural, and constraint analyses.

Requirements analysis

A requirement specifies a condition that must be satisfied, a
function that a system must perform, or a performance level
that a system must achieve. Requirements come from many
sources, such as customers, designers, process engineers, or
organizations. As an example, Fig. 7 shows a requirement
diagram of production reconfiguration system. This example
highlights a number of different requirements relationships,
including satisfy, verify, refine, derive, trace, and contain-
ment.

For example, the satisfy relationship is used to assert that
variety decisions satisfy the requirements of minimum pro-
duction costs and minimum lead time. The verify relationship
is used to verify that the requirements of minimum production
costs and minimum lead time are satisfied by a test case called
simulation for production. The test case, simulation for pro-
duction, represents a method for performing the verification.
The refine relationship reduces ambiguity in the requirement
of variety decision by relating it to two elements: product
variety and process variety, which clarify the requirement.
Similarly, it breaks down the requirement of minimum lead
time to the requirements of minimum setup time and mini-
mum cycle time, and minimum production costs to minimum
fixed costs and minimum variable costs. The derive relation-
ship between a source requirement, customer needs, and the
derived requirements, minimum production costs and mini-
mum lead time, is established based on marketing analysis.
Similarly, the requirement of production reconfiguration is
derived from the requirements of minimum production costs
and minimum lead time, based on production reconfiguration
principle. The trace relationship provides a general-purpose
relationship between the requirements of BOM and process
routing. The trace relationship is relatively weak compared
with other relationships. However, it is useful for relating
lower-level requirements to higher-level requirements in the
BOM and process routing hierarchy, respectively. For exam-
ple, the requirements specification can be traced from the end
product, to the assembly, and to the part requirements. More-
over, it is useful for establishing a relationship between BOM
specifications and process routing specifications based on the
mapping between design and manufacturing features. The
containment relationship represents how complex production
reconfiguration requirements can be partitioned into a set of
lower-level requirements. For instance, the requirements of
production reconfiguration contain two requirements associ-
ated with process routing and BOM.
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Fig. 7 SysML requirement diagram for production reconfiguration

Fig. 8 SysML block definition diagram for GVP structural model

Generic variety structural modeling

To achieve semantics and interoperability, our approach for
modeling GVP extends the NIST UML-based core prod-
uct model to capture the complexity of variety management
for production reconfiguration. Since production reconfigu-
ration involves both design and process planning, the infor-
mation model for representing GVP is very complex. This

model incorporates the basic information elements of the
core product model, and extends it by combining product
model with its process model. The process model contains
information about manufacturing process.

Figure 8 shows the GVP structure using a block defini-
tion diagram. In the context of production system, a block in
SysML can represent any entity (e.g., part, function, opera-
tion, or process routing). By including a number of blocks,
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Fig. 9 SysML block definition diagram for sheet metal feature mapping

a block definition diagram can define the hierarchy of the
system of interest in terms of its structural feature and the
relationships between the blocks. For example, artifact repre-
sents a distinct entity in an end product. Such an entity can be
a requirement, structure, function, behavior, constraint, spec-
ification or variety feature. The more general classifier of the
variety feature is the attribute associated with an artifact. The
attribute represents a generalization of form, geometry, flow,
and material. The flow indicates the flow of energy, infor-
mation, or material. The design feature and manufacturing
feature are more specific elements of the variety feature. The
BOM and process routing are associated with the respective
design feature and manufacturing feature by sharing the same
variety feature. In particular, the BOM for a product variant
is an instance of a particular set of design features. Similarly,
a process routing for a process variant is an instance of a
particular set of manufacturing features. The BOM consists
of material, part, assembly, subassembly, and end product.
The process routing is comprised of resource and operation.
The operation can be specialized into machining operation
or assembling operation, and is characterized by resource.
The resource is a generalization of setup, work center, and
operator. The setup is comprised of fixture and tooling. With
machining operations, material can be transformed into part.
With assembling operation, part can be assembled into sub-
assembly or assembly; end product can be produced from
assembly.

As a key element of the GVP structural model, variety
features are the information carriers, linking design fea-
tures with manufacturing features, thus facilitating design
and production coordination. The typical sheet metal design
and manufacturing features along with the feature mapping
between them are captured using a block definition diagram,
as shown in Fig. 9. Design features consist of surface feature,
between surface feature, and peripheral feature. The surface

feature is comprised of lance, slot, hole, dimple, bridge, lou-
ver, and rib. Bend is a between surface feature. Peripheral
feature contains curl, notch, and blank. Associated with each
design feature, there are one or more manufacturing features
to produce it. For example, Piercing can produce slot and
hole. Punching can fabricate hole, bridge, and louver. Like-
wise, hole and dimple can be made by dimpling, etc. Con-
sequently, design features and corresponding manufacturing
features are coordinated by sharing the same variety feature
information (i.e., shape and parametric information).

Behavior modeling

While a structural model captures the system hierarchy and
relationships among its internal elements, it cannot model the
flows of inputs and outputs through a sequence of actions,
which entails behavior modeling. An activity diagram in
SysML can capture the flows of information, energy, and
material, and represent a set of actions describing activity
execution and input transformation. Figure 10 shows an activ-
ity diagram of the GVP behavior model, capturing the infor-
mation flow along CN, FR, DP, and PV domains. It also
shows explicit allocation of behavior partitions, represent-
ing which parts are responsible for executing which activi-
ties. The CNs are elicited from customers, and subsequently
transformed to FRs by market analysts. The FRs are trans-
formed to DPs in the form of BOMs by design engineers
when developing detailed design. The DPs and BOMs are
then transformed to PVs and routings by process engineers.
Ultimately, PVs and routings are transformed to production
plans by production engineers through reconfiguring pro-
duction. As the GVP behavior model captures the common
principal actions within product realization process, it can be
reusable for other particular design scenarios.
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Fig. 10 SysML activity diagram for GVP behavior model

Fig. 11 SysML activity diagram for decision support process

Apart from the GVP behavior model, a decision support
behavior model is developed to capture how decisions are
made. As shown in Fig. 11, the starting point is to instantiate
the GVP behavior model. A parametric model (discussed
in “Constraint analysis”) is executed with databases and a
solver. The solver supports the parametric model execution.
Subsequently, a requirements review is conducted to evalu-
ate if the requirements are satisfied. If not, the guidance on
variety implementation in production reconfiguration is then
provided based on knowledge bases and a simulation model.
After several iterations, when the variety creation and cost
objectives are both achieved through trade-off analysis, the
decision support process ceases.

Constraint analysis

As shown in Fig. 11, constraint analysis is necessary to pro-
vide decision support. With constraint blocks, a parametric
diagram can be developed to model connections between
constraint parameters and value properties of the produc-
tion reconfiguration system. The parametric diagram binds
the relevant properties of the block and parameters of the
analysis model. Modeled as mathematical equations, con-

straints in the parametric diagram can be solved by solvers
(e.g., Mathematica, Matlab) for analysis. In addition, quanti-
tative requirements can also be formulated as constraint state-
ments (e.g., If dimple_weight < maximum_weight, Then
result = true, Else result = false) and incorporated in para-
metric diagrams. When parametric simulation is executed,
the constraint statement verifies whether or not the require-
ments are met.

As shown in Fig. 12, a block definition diagram of pro-
duction performance model with constraint blocks represents
the production performance model structure. It involves pro-
duction rate, production capacity, resource utilization, lead
time, manufacturing costs and constraints.

Figure 13 represents the interrelationships of the con-
straints in the block definition diagram by binding the rel-
evant parameters. For example, the cycle time consists of
actual machining operation time, workpart handling time,
and tool handling time as follows:

Tc = To + Th + Tth, (1)

where Tc, To, Th and Tth denote the cycle time, actual
machining operation time, workpart handling time, and tool
handling time, respectively.
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Fig. 12 SysML block definition diagram for production performance model

Fig. 13 SysML parametric diagram for production performance model

With the cycle time, hourly production rate is approxi-
mated as:

Rp = 60/Tc, (2)

where Rp denotes hourly production rate (the constant 60
converts minutes to hours).

Weekly production capacity is defined as the maximum
output rate of a production facility per week as follows:
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PC = nSw Hsh Rp, (3)

where PC, n, Sw, and Hsh denote the production capacity,
number of machines, number of shifts per week, and number
of hours per shift, respectively.

Utilization refers to the ratio between the output of a pro-
duction facility and its capacity as follows:

U = Q/PC, (4)

where U and Q denote the utilization of the facility and the
quantity produced by the facility.

Lead time is defined as the total time required to process
a given part or product through the plant. In this paper, it is
assumed that setup times, operation cycle times, and nonop-
eration times are all equal. Further, the batch quantities of all
parts or products processed through the plant are assumed to
be equal; and they are all processed through the same number
of machines. With the above assumptions, the lead time is
approximated as follows:

M LT = n(Tsu + QTc + Tno), (5)

where M LT, Tsu , and Tno denote the manufacturing lead
time, setup time, and nonoperation time.

The total manufacturing costs can be calculated based on
the equation below:

T C = FC + V C(Q), (6)

where T C, FC , and V C denote the total, fixed, and variable
costs.

Variety coding information system

Built upon the SysML-based multi-view information model,
the variety coding information system transforms require-
ments to design alternatives and production solutions through
the structural and behavior models while addressing con-
straints in parametrics. It has a user interface separating the
system from its environment. The behavior of the informa-
tion system provides variety implementation decision sup-
port when it receives new customer orders. Underpinning
the variety coding information system, the variety coding
methodology includes a coding scheme and a code database.
A frame-based knowledge base organizes design and manu-
facturing feature knowledge.

Coding methodology

The rationale of variety coding methodology lies in the vari-
ety feature mapping between PPV, coordinated by GVP. It
attempts to link design data to production data using consis-
tent code. As shown in Fig. 14, the mapping between PPV
is captured in a three-layer model, including the planning,
feature, and coding layers, which represents different levels
of abstraction. At each layer, all the items in design and pro-
cess feature domains are connected with each other by cor-
respondence relationships. Within each domain of the same
layer, the individual items are interacted with each other by
composition relationships. In addition, the items within each

Fig. 14 Variety mapping across
different levels of abstraction
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CMTY CMT CFT CFFR CFID CFD
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Fig. 15 The coding scheme

domain across different layers are related by abstraction rela-
tionships.

At the planning layer, a part in the design feature domain is
associated with a routing in the process feature domain by the
correspondence relationship. Across the planning and feature
layers, a part can be decomposed to a set of design features.
Similarly, a routing can be decomposed to several manufac-
turing features by the abstraction relationship. At the feature
layer, various design features (e.g., “Hole”, “Bend”, “Slot”,
“Lance”) are connected with each other through the compo-
sition relationship; manufacturing features are composed of
“Bending”, “Piercing”, “Punching”, “Lancing”, and so on. In
addition, each design feature has one or more corresponding
manufacturing features in the process feature domain, and
vice versa. Across the feature and coding layers, a design
feature consists of a set of design code; a set of manufac-
turing code constitutes a manufacturing feature. At the cod-
ing layer, there is a series of code corresponding to both
design and manufacturing features. Take the design feature
“Lance” as an example. It is specified by code represent-
ing “Name”, “ID”, “Parameter Value”, “Associated Feature”,
“Constraint”, and “Finishing”. In addition, the code repre-
senting “Constraint” is connected with the code representing
“Tooling” and “Setup” by the correspondence relationship.

Coding scheme

The coding scheme is the kernel of the variety coding infor-
mation system. As shown in Fig. 15, the first code in the
coding scheme is the code for different material types, such
as aluminum, stainless steel, titanium, and copper. According
to the ascending order of non-negative integer, each material
is assigned to a unique digit. The second code represents
the thickness of the material. For most sheet metal parts, the
thickness ranges from 0.5 mm to 4 mm. Material along with
its thickness results in different heat treatment specifications
(e.g., whether heat treatment should be carried out on sheet
metal or on finished parts). The third code represents the fea-
ture type. Along with material and material thickness, the
feature type determines the selection of operations and the

corresponding work centers. The fourth code indicates finish-
ing requirements. The fifth code, feature ID code, denotes the
relationship of one feature with other features. It also influ-
ences the selection of operations. The last code is defined for
feature description, containing variety feature values and fea-
ture location values. The above code collectively determines
the cycle times, setups, and tools/fixtures for different oper-
ations, which, in turn, contribute to production performance
and cost estimation.

Code database

A code database is further developed based on the coding
scheme to store useful information. The code database con-
tains a number of fields, each of which includes a number of
data attributes. Some of the most important fields are listed
in Table 3. Take the part, material, design feature, manu-
facturing feature, operation, work center, and setup fields as
examples. The part field records the part code, part name,
part ID, and order quantity, etc. The material field contains
material code, material name, material ID, and material spec-
ification, etc. The design feature field shares some common
data attributes with manufacturing feature, including fea-
ture code, feature name, operation ID, and work center ID,
etc. The operation field consists of operation code, opera-
tion time, average cost, and cycle time, etc. The work center
field stores work center code, tolerance, and operation ID,
etc. The setup field shows setup code, setup time, and opera-
tion ID, etc. As a result, this code base links design features
with manufacturing features through the common informa-
tion elements embedded in different fields, thus facilitating
PPV coordination.

Frame-based knowledge base

Along with the variety coding methodology, a knowledge
base drives decision support by storing and coordinating
experiential knowledge of design and manufacturing. Such
knowledge guides engineers to determine design parameters
and process variables. In view of the fact that frames are
effective in representing classes and objects, a frame-based
knowledge base is developed to provide a means for collect-
ing, organizing and retrieving knowledge.

A knowledge frame is a formatted representation of con-
straints and rules associated with design, manufacturing,
and their relationships. The connection between a knowl-
edge frame and its frame member entails a class-object
relationship. For illustrative purpose, a design knowledge
frame example for a typical design feature, “Dimple”, is
given in Fig. 16. As an object of “Dimple” class, “Dimple1”
contains several design rules characterized by “SurfaceFe-
atures”, and “DesignFeatures” super frames. Take “Rule
1001” as an example. It describes a design constraint: The
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Table 3 Fields and data attributes in the coding database

Fields Data attributes

Part Part code, part name, part ID, part description, process plan, drawing No., order quantity, due date, customer ID

Material Material code, material name, material ID, material specification, nick name

Material thickness Thickness code, material ID, thickness value, operation ID, work center ID

Design feature Feature code, feature name, operation ID, work center ID, parametric, shape ID

Mfg. feature Feature code, feature name, operation ID, work center ID, parametric, shape ID

Feature description Description code, description ID, feature name, feature ID, part ID, feature finishing
requirement, variety feature specification, feature location etc.

Heat treatment (HT) HT code, HT name, HT ID, part ID, material ID, time duration, temperature, oven material thickness ID

Operation Operation code, operation time, operation ID, operation description, work center ID,
feature name, average cost, cycle time

Work center (WC) WC code, WC name, WC ID, machine name, tolerance, minimum economic quantity,
hard/soft material thickness range, feature name, operation ID

Bending die/punch Feature ID, die/punch set code, die/punch set model, die/punch set location, die/punch
set specification, WC ID, operation ID

Punching die/punch Feature ID, die/punch set code, die/punch set model, die/punch set location, die/punch
set specification, WC ID, operation ID

Setup Setup code, setup time, setup ID, setup description, WC ID, operation ID, feature name, average time

Cost Cost code, cost value, WC ID, operation ID, feature name, setup ID

Cycle time Cycle time code, time value, WC ID, operation ID, feature name, setup ID

FrameMember: Dimple1
Frame: Dimple
Super Frame: SurfaceFeatures, DesignFeatures
Sub Frames:

Rule 1001
[1: Height>6]=>[Height=6 ELSE Height=Height]

Rule 1002
[1: SheetThick>3]=>[SheetThick=3 ELSE SheetThick=SheetThick]
Rule 1003
[1: DistToBend2<(5*SheetThick+DiaTol/2)]=>[DistToBend2=(5*SheetThick+DiaTol/2) ELSE DistToBend2=DistToBend3]
Rule 1004
[1: DistToBend3<(5*SheetThick+DiaTol/2)]=>[DistToBend3=(5*SheetThick+DiaTol/2) ELSE DistToBend3=DistToBend3]

Rule 1005
[1: DistToBend5<(5*SheetThick+DiaTol/2)]=>[DistToBend5=(5*SheetThick+DiaTol/2) ELSE DistToBend5=DistToBend5]
Rule 1006
[1: DistToBlankEdge1<(DiaTol/2+2*SheetThick)]=>[DistToBlankEdge1=(DiaTol/2+2*SheetThick) ELSE DistToBlankEdge1=DistToBlankEdge1]

Fig. 16 Design feature knowledge frame for “Dimple”

maximum height for “Dimple1” cannot exceed 6mm. This
design knowledge helps engineers make better decisions by
coordinating product design with the existing manufacturing
resources.

Prototype implementation

In view of system complexity, in this study, a radial-layered
DCM system architecture is developed for better understand-
ing the whole system, as shown in Fig. 17. It consists of five
layers: (1) an information model, (2) functional modules, (3)
a user interface, (4) users, and (5) a domain information
repository. The information model, functional modules, user
interface and users serve as the frontend platform, whilst
the information repository performs as the backend server
for storing data, information and models specific to different
applications.

The SysML-based information model is the core of the
system architecture, representing key aspects of the system,
including requirements, structure, behaviors, and constraints,
as discussed in “A SysML model for production reconfigura-
tion”. The information system is handled by a variety of users,
including customers, market analysts, engineering managers
along with design, process and production engineers. Cus-
tomers purchase switchgear enclosures through orders. Mar-
ket analysts gather and analyze information about customer
needs. Design engineers are concerned with developing the
preliminary design and most critical parts. Process engineers
take care of the manufacturing processes. The task of pro-
duction engineers is to minimize production time and costs
at the shop floor level. Engineering mangers provide leader-
ship for engineers and support coordination between design,
production, accounting, finance, and human resource depart-
ments.
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Fig. 17 System architecture of sheet metal production reconfiguration

The functional modules of switchgear enclosure produc-
tion reconfiguration system encompass (1) feature identifi-
cation, (2) model conversion, (3) blank selection, (4) method
selection, (5) resource selection, (6) process conditions, and
(7) instruction generation. The user interface enhances the
communication between users and the system, through which
users interact with these functional modules. System proto-
cols provide formal description of message formats and rules
for exchanging messages. It serves as a common channel to
support information sharing between different modules.

The domain information repository consists of databases,
knowledge bases, and model bases. The database cluster
encompasses ordering records, BOMs and routing data. The
knowledge bases are categorized by production rules, con-
figuration constraints, and workflow coordination. Produc-
tion rules are implemented in the form of if-then rules.
Configuration constraints include functional, safety, quality,
manufacturing, timing, economic, ergonomic, and ecologi-
cal life-cycle constraints. The workflow coordination cluster
oversees various tasks and communications among different

functional departments along the design chain. The domain
model bases comprise CAD/CAE, engineering analysis, and
production simulation models. The CAD/CAE models con-
tain engineering drawings and finite element analysis. Engi-
neering analysis involves performance and cost models. The
production simulation model is more concerned with discrete
event simulation, which has been commonly used to study the
production system behaviors by simulating a large amount
of production scenarios. Ultimately, it provides suggestions
to improve the production performance in terms of produc-
tivity, resource utilization, lead time, and the like, along with
production costs.

A prototype of variety coding information system is imple-
mented for switchgear enclosure production reconfiguration.
For illustrative simplicity, an example of a basis frame is
used to demonstrate the information system’s effectiveness
in achieving production reconfiguration through variety man-
agement. Figure 18 shows the engineering BOM and asso-
ciated process routings generated by the prototype system,
which allows for PPV coordination. As shown in Fig. 19,
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Fig. 18 Engineering BOM and
process plans for a basis frame

Fig. 19 Variety-time-cost
trade-off analyses

some preliminary variety-time-cost trade-off analyses are
performed to provide decision support to variety manage-
ment in production reconfiguration. Due to the goal of this
paper is not to investigate the trade-off analysis but to dem-
onstrate the SysML-based information model can formally
capture information and knowledge, the validation of opti-
mality of the alternatives is out of the scope of this paper.

Concluding remarks

In this paper, we presented a holistic view of DCM along
the entire spectrum of product realization, aiming to achieve

production reconfiguration through effective variety manage-
ment that aligns the customer, product, and process domains.
We then approach DCM from model-based systems engi-
neering perspective and attempt to manage system complex-
ity with focus on managing PPV. Essentially, effective variety
management relies on GVP and the associated information
model.

GVP unifies the GFS, GDS, and GPS associated with
a product family through variety features, thus facilitating
variety propagation modeling from design to production.
It enables the derivation of product and process variants
from the GVS for specific customer orders. A SysML-based
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information model is developed to formally represent the
requirements, structure, behaviors, and constraints of the
switchgear enclosure production reconfiguration. It enables
the system to share and exchange information among multi-
ple domains in a multi-disciplinary team by ensuring seman-
tic coherence along the entire design chain, keeping the trace-
ability across levels of abstraction, and improving the inter-
operability among tools. Moreover, it supports trade-off anal-
ysis to evaluate production performance and costs by com-
bining with other execution environments.

Finally, a variety coding information system is developed
based on the variety coding methodology and the SysML-
based information model. The prototype is implemented to
demonstrate its success in achieving production reconfigura-
tion through variety management.

Nonetheless, the prototype system is based on one com-
pany only, which may not be sufficient for generalizing
results for multiple industries. In this regard, to quantify the
resulting improved performance with respect to production
time and costs, the coding information system might need to
be empirically tested in a number of companies of different
industries. In light of the focus of this study, we do not address
integration of discrete event simulation tools, and evaluation
of the value to customers of different variety dimensions,
which deserve separate studies.

Nomenclature

Artifact A distinct entity in a product (e.g., an
assembly, a subassembly, or a part).

Function One aspect of what the artifact is supposed
to do, which specifies the relationship
between inputs and outputs in terms of
energy, material and information.

Behavior Information represented as a sequence of
states and transitions between them,
supporting the simulation of the product
under some given conditions.

Form Proposed design solution for the design
problem specified by the function,
represented in terms of its geometry and
material.

Geometry The spatial description of the artifact (e.g.,
shape, dimension).

Material The description of the internal
composition of the artifact.

Assembly A composition of its subassemblies and
parts.

Part The lowest level component.
Flow The medium (e.g., information, energy,

material) that serves as the output of one
or more function(s) and one or more
corresponding input(s).

Requirement A statement that specifies an attribute,
capability, characteristic, or quality of
an artifact that governs some aspect of
its function, form, geometry or
material, which is a element of the
specification.

Specification The collection of information relevant
to the design and manufacturing of an
artifact deriving from customer needs
and/or engineering requirements.

Processing Transform a material from one state to
operation a More advanced state that is closer to

the final desired artifact (e.g., bending,
punching, heat treatment, etc.). It adds
value by changing the geometry and/or
properties, of the material.

Assembly Joins two or more artifacts to create a
operation new Artifact, which is an assembly or

subassembly.
Process The sequence of individual processing
routing and Assembly operations needed to

produce an artifact.
Product The number of distinctive end items or
variety Product variants offered by a producer.

Product variety stems from differences
in product physical form and its
function.

Process The number of distinctive process
variety variants Applied on the shop floor to

produce corresponding product variants.
Process variety is the direct
consequence of product variety.

Variety The approaches to create product
creation variety That can meet customer needs. It

involves creating distinctive product
physical form and function.

Variety The activities to implement variety
implementation creation. It involves how product and

process varieties are coordinated to
create product variety.

Variety An attribute associated with an artifact
feature that Has a specific function assigned

to it. Different instances of a particular
variety feature represent the diversity
of variety feature variants, and thus
creating product or process variety.

Design Information associated with a specific
feature Design attribute of an artifact. The most

common design features are associated
with form, geometry, and material,
which contain both shape information
and parametric information. It is a kind
of variety feature that create product
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variety. A product variant is an instance
of a particular set of design features.

Manufacturing Information associated with a specific
feature Manufacturing attributes of an artifact.

The most common manufacturing
features are associated with
manufacturing process to produce
corresponding design features. It is a
kind of variety feature that create
process variety. A process variant is an
instance of a particular set of
manufacturing features.
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