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Abstract 
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in Modular Product Family Design 

 

Kwansuk Oh 
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The Graduate School 

Seoul National University 

 

Global manufacturing companies have been achieving product variety by imple-

menting a modular design strategy in which product variants are created by com-

bining, adding, or substituting modules. Providing a high variety of products, how-

ever, causes negative effects not only on design but also on market and production. 

Variety management that defines the right range of variants is one of the most 

critical issues for most of the manufacturing companies. This thesis aims to propose 

methodologies that enable companies to systematically reduce negative effects of 

variety. In order to achieve successful variety management, this study approaches 

the issue from two viewpoints: cross-domain and variant-level viewpoints. A cross-

domain viewpoint supports establishing relationships between elements in market, 

design, and production domain that are affected by product variety, and a variant-

level viewpoint enables to explicitly manage variants of elements that are the main 

source of negative effects. In these viewpoints, this thesis focuses on dealing with 
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three important challenges in variety management: to prevent unexpected variants, 

to reduce design complexity, and to balance market share and complexity cost. 

In the first theme, an architecture-based approach named variation architecture 

is introduced to prevent unexpected variants. Variation architecture (VA) is defined 

as a reference architecture for a modular product family providing the scheme by 

which variants in market, design, and production domain are arranged by cross-

domain mapping mechanisms. The VA consists of generic-level and variant-level 

plans. At the generic-level, mapping types between domain elements are determined, 

and at the variant-level, combination rules between variants are set to reduce un-

expected variants. Then, a framework is proposed to increase the practicality of the 

VA so that its compositions are well defined. In the case study, the framework is 

applied to an automobile front chassis family. The result shows that the number of 

module variants is significantly reduced compared to the current number of variants 

in operation. 

Secondly, the concept of interface standardization is introduced to manage de-

sign complexity caused by complicated combinations between module variants. This 

theme proposes an interface design methodology that addresses multiple standard 

interfaces in a modular product family. A product family structure is changed by 

implementing multiple standard interfaces, generating design complexity. This 

study defines two complexities resulting from the introduction of multiple standard 

interfaces: standardization effort and integration effort. Standardization effort is 

estimated as a required person-hours for coordinating module variants to design a 

standard interface, and integration effort is measured as an effort to integrate all 

design elements based on the concept of topological complexity. A framework is 

proposed to identify an optimal product family structure that minimizes the two 
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complexities. In the case study, the proposed framework identifies an optimal struc-

ture and the number of standard interfaces for the front chassis family. Then, the 

study conducts a sensitivity analysis to demonstrate the methodology’s applicabil-

ity in interface management. 

In the last theme, an optimization model is developed to identify an optimal 

product variety to balance market share and complexity cost. The model focuses 

on module variants, not just product variants, because a modular product family 

creates product variants by combining module variants. The model reflects the 

trends of concave increase in market share and convex increase in complexity cost 

as the number of variety increases. A demand model is developed by the nested 

logit model that shows the concavity of market share based on the similarity of 

product variants in the same family, and a complexity cost model is constructed by 

the zero-based costing approach that an incremental cost is estimated as a variant 

is added. Combining the models, an optimization model is formulated to find an 

optimal variety and configurations of product variants. The case study demon-

strates the model’s effectiveness by analyzing optimal solutions in various situations. 

 

Keywords: Complexity management, Modular design, Product family architecture, 

Platform-based product family design, Variety optimization 

Student Number: 2014-21807  
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Chapter 1 

 

Introduction 

 

 

The goal of this thesis is to propose methodologies for variety management in mod-

ular product family design. This chapter presents backgrounds of the research and 

describes specific research objectives. Section 1.1 defines variety management by 

describing the characteristics of the issue. Section 1.2 addresses three important 

challenges in variety management, and section 1.3 briefly presents research pro-

posals for dealing with the challenges. Finally, section 1.4 explains the structure of 

this thesis. 

 

1.1 Variety Management 

After the manufacturing paradigm is shifted from mass production to mass cus-

tomization (Pine, 1993), global manufacturing companies have been launching a 

variety of products in order to cover broad market segments and diverse customer 

needs. To effectively achieve product variety, companies have been implementing 

design strategies such as modular design (Baldwin and Clark, 2000), platform-based 

product family design (Simpson et al., 2006), or both. A modular product family 

derived by these strategies creates product variants by combining, adding, or sub-

stituting modules (Du et al., 2001). The automotive industry is a representative 

field that implements both modular design and product family design. As shown in 
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Figure 1.1, an automobile is divided into several modules, and product variants are 

derived by combining modules. For example, in 2018, Hyundai Motor Company 

and Kia Motors launched a total of 48 models from the six automobile platforms, 

and over 150 model variants were provided by combining engines and trims in the 

US market (Teoalida, 2019). Including domestic and other markets, the number of 

model variants becomes much higher. 

Providing a high variety of products, however, is not always good, and it causes 

many problems not only in design, but also in market and production. In the mar-

ketplace, too much variety generates numerous unsold product variants caused by 

customer confusion (Huffman and Kahn, 1998) and the cannibalization effect (Wan 

et al., 2012). In the case of production, MacDuffie et al. (1996) showed that high 

product variety negatively affects the performance of production systems by con-

ducting empirical observations. In the real field, manufacturing companies are con-

tinuously faced with conflicts related to product variety (H. ElMaraghy et al., 2013). 

Marketing teams prefer to create a variety of products to satisfy their customers in 

highly segmented markets. Production teams, on the other hand, prefer to make 

fewer products to increase the efficiency of production systems. For these reasons, 

 

Figure 1.1: Automobile product family 
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variety management that defines the right range of variants becomes one of the 

most critical issues for most of the manufacturing companies. 

To achieve successful variety management, two perspectives are required: cross-

domain and variant-level viewpoints as shown in Figure 1.2. First, a cross-domain 

viewpoint is needed because product variety affects the entire product lifecycle 

including market, design, and production (H. ElMaraghy et al., 2013). Previous 

research has emphasized the multiple domain viewpoint on the development of a 

product family. Since product variety is related to various domains, previous re-

search has addressed the concept of multiple architectures and the importance of 

coordination between architectures (Erens and Verhulst, 1997; Jiao and Tseng, 

1999). These studies have focused on generic-level architecting activities to achieve 

product variety. Thus, there has been little attention to variant-level decisions in a 

situation where various duplications of elements are generated. In variety manage-

ment, since companies need to manage duplications of elements in the architecture, 

they should identify complex relationships between elements in an explicit manner. 

In this vein, this thesis extends a viewpoint on variety management from the ge-

neric-level to the variant-level. 

Extending the viewpoint to the variant-level, variants (duplications or instances) 

of elements in each domain and their complex relationships become a manageable 

area. This viewpoint focuses on how a variant of an element in one domain affects 

other variants of elements in other domains by identifying complex relationships at 

the variant-level. Consider a situation in which a motor company plans to launch 

an existing model that was targeted at the domestic market for the Australian 

market. In this case, the company should consider a variation of the existing model 

from the left-hand drive version to the right-hand one. The company should also 
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quickly identify design elements that need to be changed and whether a new prod-

uct variant can be produced at the existing facilities. Here, if variant-level relation-

ships between elements are well-defined, it would be easy to estimate the impact of 

the added product variant on a variation of elements in various domains. 

This thesis concerns variety management based on the cross-domain viewpoint 

and the variant-level viewpoint, identifying mapping mechanisms between elements 

in market, design, and production domain. From the two perspectives, variety man-

agement can be stated as follows: Variety management is to define the right range 

of variants by identifying cross-domain relationships at the variant-level of market, 

design, and production elements to achieve company’s goals, e.g., minimization of 

cost. Under the statement, this thesis aims to propose variety management meth-

odologies to overcome challenges that manufacturing companies face in practice. 

 

Figure 1.2: Variety management 
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1.2 Variety Management Challenges 

There are three important challenges related to variety management in practice. 

Figure 1.3 describes three challenges. The first challenge is to prevent unexpected 

variants. Unexpected variants constantly occur in a situation where a company 

continues to develop more product variants. Causes of variant occurrence are di-

vided into two: external causes from the market area and internal causes from the 

production area (H. ElMaraghy et al., 2013). External causes are due to different 

 

Figure 1.3: Variety management challenges (a) unexpected variants (b) design com-
plexity, and (c) balance of market share and complexity cost 
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requirements of more segmented markets and diverse customers. Different require-

ments need variations in a product, so a number of variants of design elements are 

generated to configure different product variants suitable for the requirements. This 

situation corresponds to the example described in the previous section, where a 

product variant of the right-hand drive version needs to be developed to target the 

Australian market. Several modules and parts, such as steering gear system and 

cross member, must be modified to develop a new product variant. 

Internal causes, on the other hand, are due to the complexity of a supply chain 

and the diversity of production facilities that produce a variety of products. For 

example, when two suppliers produce an identical part, the gap in facility conditions 

or performances between two suppliers may result in two different parts. In this 

situation, one part is managed as two different part variants. Manufacturing com-

panies are making great efforts to manage these external and internal causes, but 

it is not easy to prevent continuously generated variants of design elements without 

any systematic approach in the development process. 

The second challenge is to reduce design complexity induced from diverse com-

binations of module variants. Design complexity refers to design and integration 

efforts to configure diverse variants of design elements for product variants (Linde-

mann et al., 2008). When designing a modular product family, it is necessary to 

demonstrate that diverse combinations of module variants are well integrated dur-

ing the development process. Interface standardization is an enabler to efficiently 

integrate diverse combinations (Baldwin and Clark, 2000; Hölttä and Otto, 2005). 

In practice, companies may not only use a single standard interface between mod-

ules, but also adopt more than one standard interface depending on the aspect of 

combination relationships between module variants. As a simple example of an 

electronic device, a 220V power interface is sometimes used for all product variants, 
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but when a company expands the market globally, both 220V and 110V must be 

used depending on national conditions. Multiple standard interfaces change an over-

all structure of a product family, generating design complexity. Thus, an interface 

design approach considering module variety and interface variety is needed to re-

duce design complexity. 

The third challenge is to balance market share and complexity cost affected by 

the number of product variants. As a company launches more product variants to 

attract more customers, market share and complexity cost increase. In particular, 

as shown in Figure 1.3(c), complexity cost tends to increase exponentially with 

increasing variety (Mather, 1988), while market share tends to increase concavely 

as variety increases (Wan et al., 2012). Companies are faced with a situation where 

they have to balance two factors by determining the number of product variants. 

However, companies have difficulty knowing the impact of the increasing variety, 

so it is hard to balance market share and complexity cost by considering their trade-

off. In a modular product family, market share and complexity cost do not linearly 

increase as the number of product variants increases because of the commonality 

nature of product variants. Thus, in order to find an optimal variety, the study 

should also consider configurations of product variants with some models that com-

pute market share and complexity cost based on module variants. 

 

1.3 Research Proposal: How to Deal with the Challenges? 

This thesis aims to propose variety management methodologies to deal with the 

three challenges described in the previous section. The proposal described in this 

section has a novelty in that it approaches variety management issues by consider-
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ing both the variant-level viewpoint and the cross-domain viewpoint. Previous re-

search has considered cross-domain relationships between elements across multiple 

domains. The research has primarily focused on designing a product family at the 

generic-level rather than managing design elements at the variant-level. The pro-

posal of this thesis is meaningful because it extends the perspective in variety man-

agement from the generic-level to the variant-level. In this thesis, methodologies for 

variety management are proposed to deal with the three challenges from the cross-

domain and variant-level viewpoints. Brief ideas of the proposal are described in 

Figure 1.4. 

First, an architecture-based approach is introduced to prevent unexpected var-

iants induced from external and internal causes in market and production domain. 

The approach provides cross-domain mapping mechanisms for planning variety of 

a product family. Under the mechanisms, variants are created by types of relation-

ships with various connecting rules between elements. The output of this study can 

help a company effectively prevent unexpected variants by providing a kind of ref-

erence architecture in the decision-making process for planning product variety. 

Second, a variant-level interface design methodology is proposed for the reduc-

tion of design complexity. Since complex combinations of module variants cause 

design complexity, companies should manage it with standard interfaces at the 

variant-level. This study addresses multiple standard interfaces to manage design 

complexity. The complexity is managed by deciding whether to standardize inter-

faces and determining the number of standard interfaces. The proposed methodol-

ogy would help companies to select an interface design alternative that minimizes 

design complexity among various candidates of a product family structure. 



 

 

9

Third, an optimization model is developed to identify an optimal product vari-

ety by balancing market share and complexity cost. A modular product family 

creates a product variant by combining module variants. Thus, the optimization 

model proposed in this study focuses on module variants, not just product variants. 

The study also introduces a demand model and a complexity cost model that reflect 

marginal increases in market share and complexity cost due to a module variant. 

This model would allow companies to determine appropriate configurations of mod-

ule variants and the number of product variants. 

 

Figure 1.4: Research proposal (a) variation architecture (b) variant-level interface 
design, and (c) optimization model 
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1.4 Structure of Thesis 

This section explains the structure of the rest of the thesis. Chapter 2 reviews 

previous research in the area of variety management related to the three proposals. 

The three proposals are related to variety management methodologies, modular 

design, and product family design. The three research fields are reviewed first, and 

then the differences of the previous studies from the proposed methodologies in this 

study are summarized. Chapter 3-5 develop methodologies for overcoming the three 

challenges in variety management. Chapter 3 introduces variation architecture that 

describes cross-domain mapping mechanisms to deal with the challenge of unex-

pected variants. Variation architecture gives a systematic approach to developing 

variants of each element in market, design, and production domain. Chapter 4 pro-

poses a variant-level interface design methodology for reducing design complexity 

of a modular product family. This chapter provides complexity metrics and pro-

poses a framework for determining the number of standard interfaces. Chapter 5 

develops an optimization model to identify an optimal product variety by balancing 

market share and complexity cost. Estimation models for calculating market share 

and complexity cost are also proposed. In the end, chapter 6 concludes the thesis. 

Contributions of this thesis are summarized, and then limitations and future re-

search directions are discussed.  
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Chapter 2 

 

Literature Review 

 

 

This chapter comprehensively reviews previous research related to variety manage-

ment. Each section deals with each of the three areas of the variety challenges 

addressed in the previous chapter. Section 2.1 reviews diverse methodologies in 

variety management previously introduced. Methodologies in modular product fam-

ily design and product family architecture are introduced sequentially, and then the 

difference between previous research and this thesis is discussed. Section 2.2 intro-

duces modular design approaches known as modularization or modularity and de-

scribes design complexity, one of the major challenges in variety management. Sec-

tion 2.3 reviews the product family design research field by dividing it into market, 

design, and production-centered approaches. The research considering product va-

riety is also reviewed in more detail. 

 

2.1 Variety Management Methodologies 

2.1.1 Modular product family design 

One of the important enablers for variety is to design a product family based on a 

modular product architecture (Ulrich, 1995; H. ElMaraghy et al., 2013). Various 

methodologies have been proposed to configure a modular product family. Quality 

function deployment (QFD) is a design tool for integrating customer requirements 
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into product specifications (Akao, 1990). Erixon (1998) developed a framework for 

modular product family design called modular function deployment (MFD), in 

which appropriate modules are identified by evaluating them with multiple criteria. 

He introduced a set of criteria called module drivers throughout the product lifecy-

cle including design, production, quality, purchasing, and after-sales. In the 1990s 

and 2000s, a research stream called design for variety (DFV) was actively pro-

gressed. Among the research, Martin and Ishii (2002) developed the generational 

variety index (GVI) and the coupling index (CI) to find components that require 

modularization or standardization due to their sensitivity to generational upgrades 

or design changes. 

Many companies have achieved product variety through modular platforms. A 

modular platform is a platform configured by modules and creates product variants 

based on it (Meyer and Lehnerd, 1997). In order to configure a product family 

based on a modular platform, Gonzalez-Zugasti and Otto (2000) proposed an op-

timization method for obtaining design solutions of each variant in a product family. 

Jiao et al. (2007) conducted a comprehensive review of the product family design 

research based on the concept of product platform. They covered product family 

design not only in a design view but also a holistic view consisting of the customer, 

functional, physical, process, and logistics domains. Simpson et al. (2012) integrated 

diverse tools and methods in product family design into a general framework to 

help companies to translate customer requirements into product specifications. Af-

terward, Otto et al. (2016) established a more detailed framework consisting of 13 

design steps from market analysis to architecture roadmap design for developing 

modular product platforms. Hackl et al. (2020) constructed a modularity impact 

model in which modularity properties, lifecycle phases, and economic impacts are 

connected as a network. 
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A German research group conducted another stream of the modular product 

family design research. They integrated existing design tools, approaches, and their 

industrial experiences into a method called integrated PKT-Approach for develop-

ing modular product families (Krause and Eilmus, 2011; Krause and Ripperda, 

2013). The term PKT is the abbreviation of the institute’s name (Institute of prod-

uct development and mechanical engineering design). An idea of their approach is 

that internal variety of a company can be reduced by systematically managing 

external variety. The approach has been being upgraded by combining with indus-

try practices and diverse methods. Blees et al. (2010) developed a visualization tool 

named variety allocation model (VAM) that visualizes linkages between attributes, 

functions, working principles, and components. Ripperda and Krause (2017) pro-

posed a method for quantifying variety-induced complexity of a product family 

throughout the product lifecycle, and Hanna et al. (2018) constructed a data model 

for the consistency of product family information. Recently, Greve et al. (2020) 

refined the module process chart (MPC) to achieve the harmonization of different 

views on a modular product family, and Küchenhof et al. (2020) developed a soft-

ware named Cytoscape providing graph-based visualization and analysis tools for 

showing an evolution of a product family. Additionally, Seiler et al. (2020) proposed 

a simulation-based decision support method as a product configuration system. 

 

2.1.2 Product family architecture 

In order to achieve product variety, a product family architecture should be defined 

in an explicit manner. Ulrich (1995) explained that the main idea of an architecting 

is to draw mapping relationships between elements in different domains. Afterward, 

several architecture concepts have been proposed in the product family design field. 
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Jiao and Tseng (1999) defined the product family architecture (PFA) as the under-

lying architecture within which various products are derived based on basic product 

designs. They included functional, behavioral, and structural views into the product 

family architecture and connected the views for the generation of variety of ele-

ments in a product family (Jiao and Tseng, 2000). For practical improvement, Jiao 

et al. (2000) constructed a data structure named generic bill-of-materials-and-op-

erations (BOMO) integrating customer order, engineering, and operations data for 

comprehensive lifecycle management. Du et al. (2001) introduced the architecture 

of product family (APF) for defining product configurations logically. An APF is 

constructed based on the multiple views of marketing, engineering, and manufac-

turing. H. Zhang et al. (2020) recently proposed a new architecture-based model 

that includes the evolutionary characteristic of a product family. 

There were great efforts to increase the practicality and applicability of a prod-

uct family architecture. Harlou (2006) systematically summarized vocabularies re-

garding the architecture such as design units, standard designs, interfaces, and 

modules. Then, he proposed two supporting tools for developing architectures of a 

product family, named generic organ diagram and product family master plan 

(PFMP). The PFMP includes three aspects of a product family modeling: customer, 

engineering, and part views. From the three viewpoints, Mortensen et al. (2011) 

represented a product family architecture as the three connected architectures: 

market, product, and production architectures. Then, Hansen and Mortensen (2014) 

developed an integrated multi-level roadmap for the development of a product fam-

ily, named program architecture, in which the three architectures are aligned in the 

overall roadmap. The term alignment of the three architectures is the key charac-

teristic distinguishing the program architecture from a single product architecture. 
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Afterward, Bonev et al. (2013) established the product requirement develop-

ment model for reflecting customer needs to multi-layered architectures by combin-

ing PFMP with matrix-based methods. Other tools such as the interface diagram 

(Bruun et al., 2015) and the architecture mapping and evaluation (Mortensen et 

al., 2016) have been proposed to support the overall framework of the product 

family architecture development. Løkkegaard et al. (2018) defined the business crit-

ical design rules (BCDRs) that link critical features of the product and production 

architectures to plan multi-architecture portfolios. Then, Askhøj and Mortensen 

(2020) developed a method for reducing the number of product architectures man-

aged in a company, and Staskiewicz et al. (2020) proposed a framework to reduce 

product portfolio complexity generated from production and assembly processes. 

 

2.1.3 Classification of the contributions 

Diverse methodologies and concepts have been studied for variety management. 

Table 2.1 compares research scopes of the eight important methodologies with the 

variation architecture proposed in this thesis. The previous studies have been con-

ducted by extending the coverage from design to market and production and have 

recognized a need for the consideration of a cross-domain viewpoint on variety 

management. However, most of the methodologies have been studied with the as-

sumption of a one-to-one relationship between domain elements rather than a com-

plex relationship. In addition, the methodologies have focused on generic-level ele-

ments in each domain, although many variety challenges have been generated with 

variant-level instances of the elements. 

Among them, the PFA (Jiao and Tseng, 1999; Du et al., 2001) and the program 

architecture (Hansen and Mortensen, 2014) need special attention because they 
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have raised explicitly the cross-domain issues of product family design and have 

represented variant-level instances with the alignment of the three domains. In the 

real field, however, the relationships between variant-level instances across the do-

mains are so complex for most of the existing product families that they cannot be 

easily managed without proper methodologies. This proper methodology should 

provide the variant-level management insights as well as the cross-domain mapping 

mechanisms in an explicit manner and be able to identify the proper units for the 

management. From this perspective, this study introduces a novel methodology for 

Table 2.1: Comparison of the previous methodologies 

 
Methodologies 

MFD DFV MPF PA PFA BOMO PKT PRA VA 

Covered 
Domain 

Market ○ ○ ● ○ ● ○ ○ ● ● 
Design ● ● ● ● ● ● ● ● ● 
Production ○  ○  ○ ●  ● ● 

Application 
scope 

Variety Design ● ● ● ● ●  ○  ● 
Variety Management     ○ ● ○ ● ● 

Considera-
tion 

Cross-domain  ● ● ● ● ○ ● ● ● 
Complex relationship  ○ ○ ○     ● 
Variant-level     ● ● ○ ● ● 

●: mainly considered 
○: partially considered 
MFD: modular function deployment (Erixon, 1998) 
DFV: design for variety (Martin and Ishii, 2002) 
MPF: modular platform development framework (Simpson et al., 2012; Otto et al., 2016) 
PA: product architecture (Ulrich, 1995) 
PFA: product family architecture (Jiao and Tseng, 1999; Du et al., 2001) 
BOMO: Generic bill-of-materials-and-operations (Jiao et al., 2000) 
PKT: integrated PKT-approach (Krause and Eilmus, 2011) 
PRA: program architecture (Hansen and Mortensen, 2014) 
VA: variation architecture (proposed in this thesis) 
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variety management called variation architecture (VA) that provides cross-domain 

mapping mechanisms to deal with the complexity generated from complex relation-

ships between variant-level instances. 

 

2.2 Modular Design and Complexity 

2.2.1 Modular design 

Modular design is an important enabler to achieve product variety. A lot of research 

has been conducted on modularization or modularity to define and identify modules. 

A module is generally regarded as a physical chunk performing one or more func-

tions as a system (Ulrich, 1995). There have been several studies that organize 

modules based on functions. W. Chen et al. (1994) demonstrated that functional 

independence is achieved by reducing interactions between modules. They sug-

gested that a functional grouping is one solution to achieving functional independ-

ence. Pimmler and Eppinger (1994) proposed a decomposition method to identify 

physical chunks by analyzing diverse functional interactions between design ele-

ments. In their work, functional interactions were classified into four types: spatial, 

energy, information, and material. C. C. Huang and Kusiak (1998) used a matrix-

based representation for the modularity problem and interpreted various modular-

ity types through the matrices: the interaction matrix and the suitability matrix. 

Unlike matrix-based approaches, some studies have attempted to analyze func-

tional interactions in-depth to achieve modularity. Research in this field used func-

tion models, such as the function structure diagram (Pahl and Beitz, 1996), to 

conduct an in-depth analysis on the overall functional interactions of a product. 

Zamirowski and Otto (1999) used a function model to integrate function structures 

of multiple products into a common structure. They proposed heuristic methods to 
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decompose a structure into modules. Stone et al. (2000) introduced a new approach 

to identifying modules in a product family by presenting three heuristic methods 

implemented in a function model. Dahmus et al. (2001) proposed an architecting 

process in which individual function structures are integrated into a family archi-

tecture and each architecture is evaluated and represented as a modularity matrix. 

W. Zhang et al. (2006) introduced a new functional modeling approach to rapidly 

identify both shared and unique modules in a product family using the behavioral-

driven function-environment-structure (B-FES). 

Considering product lifecycle in modularity is also an important research topic. 

Newcomb et al. (1996) focused on the lifecycle concerns in modularity. They con-

ducted modularization with respect to material recycling, service, and post-life with 

two measures: a module correspondence between the three lifecycle viewpoints and 

a module coupling. Erixon (1998) defined module drivers within the entire product 

lifecycle including design, production, quality, purchasing, and after-sales. Gershen-

son et al. (1999) developed a modularity measure and proposed a modular design 

methodology in which a design change is cascaded in the product lifecycle. Gu and 

Sosale (1999) also proposed an integrated modular design methodology for lifecycle 

engineering based on functional and objective interactions of modules. Kusiak (2002) 

discussed that product modularity is strongly related to the modularity of processes 

and resources in production domain. Afterward, Borjesson and Hölttä-Otto (2014) 

developed a hybrid module generation algorithm integrating the previous modular 

design tools, the DSM (design structure matrix) and the MFD. Recently, Bayrak 

et al. (2018) proposed a multi-objective optimization framework that identifies 

module types and variants by considering lifecycle objectives, and Hackl et al. (2020) 

developed a modularity impact model by linking modularity properties to economic 

values throughout the lifecycle of a product family. 
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2.2.2 Interface design 

Interfaces between modules should be standardized to develop a modular product 

family (Baldwin and Clark, 2000). Interface design was also an important research 

field along with modular design. Siddique and Rosen (1998) explored various design 

concepts for variety especially interface standardization. They investigated auto-

mobile platforms in practice to identify the applicability of the design concepts 

discussed in academia. Sundgren (1999) investigated the interface management (IM) 

process in the platform development. The study empirically compared development 

processes of two product families having different interface management strategies. 

Blackenfelt and Sellgren (2000) studied robust interfaces in modular products. They 

outlined a design approach to optimize interfaces to be robust. Van Wie et al. (2001) 

demonstrated that assembly cost increases as the number of interfaces and modules 

in a product increases. Fixson (2005) proposed a multi-dimensional evaluation 

framework that comprehensively evaluates an architecture of a product family. The 

framework specified interfaces into interface types, reversibility, and interchangea-

bility of components. 

Among diverse definitions of an interface, Sellgren (1998) emphasized that an 

interface is a pair of mating faces between subsystems. The concept of mating faces 

focused on geometrical and physical interactions between subsystems. Rahmani and 

Thomson (2012) defined an interface as a subsystem port that embodies spatial, 

energy, information, and material interactions. They argued that an interface con-

nection is achieved by connection logic consisting of port requirements and mating 

rules between ports. Hamraz et al. (2013) used information in the interface control 

method (Rahmani and Thomson, 2012) to develop a calculation method for the 

propagated change through interfaces. They introduced a new concept of change 
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likelihood and impact functions to calculate change risk of each component. Parslov 

and Mortensen (2015) comprehensively reviewed various interface definitions with 

their applications. Afterward, J. Ma et al. (2017) proposed a method to analyze 

the accessibility of manufacturing tools in interface operations of personalized mod-

ules, and Maleki et al. (2019) presented an interface model to design interfaces in 

product-service systems. 

 

2.2.3 Design complexity 

A lot of research has been studied complexity in design. Simon (1981) viewed design 

complexity as complicated interactions between hierarchical decomposable systems 

of a product. Patzak (1982) stated that complexity is defined in two aspects of a 

system: connectivity and variety. Pugh (1991) proposed a quantitative complexity 

measure based on the number of parts, part types, interconnections, and functions. 

Pahl and Beitz (1996) emphasized the importance of the simplicity rules to reduce 

complexity in design. Lindemann et al. (2008) dealt with various tools and methods, 

especially the DSM, to manage structural complexity of a system. 

Some studies have defined complexity by a design effort required to design, 

integrate, test, and redesign components and interfaces of a product. Prasad (1998) 

stated that the number of interdependencies between components is proportional 

to communication efforts between decomposed parts. Braha and Maimon (1998) 

proposed quantitative measures to evaluate structural and functional complexities 

of an artifact in terms of information content, abstraction level, and design effort. 

Hölttä and Otto (2005) introduced a redesign effort complexity metric that 

measures a redesign effort when a design change occurs. They stated that the metric 

helps to define module boundaries and interfaces with a minimum redesign effort. 
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Lindemann et al. (2008) incorporated the complexity studies by considering a 

product as a network consisting of subsystems and their interactions. Ameri et al. 

(2008) used a bipartite entity-relation graph to evaluate the size and the degree of 

coupling of a product. Mathieson and Summers (2010) introduced a DSM-based 

complexity measure derived from a bipartite graph representation. Tamaskar et al. 

(2014) used a weighted indirect graph for reflecting indirect coupling and feedback 

loops in a system. They developed a complexity measure integrating size, coupling, 

and modularity aspects. Sinha and de Weck (2013) defined a new structural com-

plexity metric that calculates the topological complexity of an architecture. The 

metric was developed based on the concept of network theory. They demonstrated 

that structural complexity and modularity are not necessarily negatively correlated. 

Sinha and Suh (2018) then developed a multi-objective optimization model that 

balances both structural complexity and modularity of a product architecture. 

Some studies have focused on variety, which is one of the main sources of struc-

tural complexity in a product family. Hsiao and Liu (2005) developed a structural 

component-based approach to design a product family. They used the quality func-

tion deployment (QFD) method, the interpretive structural model (ISM) technique, 

and a structural graph to identify design solutions for a product family. Luh et al. 

(2011) used a DSM to quantify complexity induced by product variety in the prod-

uct family development process. A graph theory was applied to the method. K. 

Park and Kremer (2015) proposed static design complexity metrics that capture 

inherent structural characteristics in design and manufacturing. They showed a 

negative impact of the static complexity on manufacturing performance such as 

lead time under the make-to-stock and make-to-order policies. Recently, Sellgren 

and Williamsson (2020) proposed a DSM-based clustering method that integrates 

diverse types of functional interactions through the weight parameters. 
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In the research field of modular design, interface design, and complexity, a lot 

of research has been conducted to define and identify modules in a product family. 

Furthermore, there have been many studies on interface design, and it has been 

constantly emphasized that interface standardization is an important enabler in 

modular design. However, most of the modular design studies have assumed that 

interfaces were already standardized or only a single interface was designed. There 

has been little interest in interface differentiation although interfaces in the real 

field are often diversified by module characteristics. In this vein, it is necessary to 

study design complexity in terms of multiple standard interfaces in modular prod-

uct family design. 

 

2.3 Product Family Design and Variety 

2.3.1 Product family design 

Product family design is a holistic decision-making process from market to design 

and production domain (Jiao et al., 2007). Especially in determining product vari-

ety, a cross-domain viewpoint is necessary since a variety decision is closely related 

to customer satisfaction in the market and manufacturing complexity in the pro-

duction (Du et al., 2001). A majority of the previous research in product family 

design, however, has mainly focused on a single domain. This subsection classifies 

product family design studies by different research areas: design, marketing, and 

production. 

Traditionally, research on product family design has been conducted primarily 

in the design area. Main interests in design were to identify design parameters and 

determine their values considering product performance and the commonality level 

of a product family (Nelson et al., 2001; Simpson, Maier et al., 2001; Nayak et al., 
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2002; Messac et al., 2002; de Weck et al., 2003; Fellini et al., 2006). The previous 

research concentrated on engineering equations rather containing mechanical and 

electrical constraints. Kumar et al. (2009) extended the research scope to the mar-

ket by integrating market considerations (e.g., product attributes, market share and 

profit) with engineering concerns. Some studies have attempted to use marketing 

methods to the design problem, such as market segmentation model (D’Souza and 

Simpson, 2003), graph-theoretic method (Qu et al., 2011), data-driven approach (J. 

Ma and Kim, 2016). 

Configurational product family design is another stream of research in design 

domain. Configurational product family design aims to develop a modular platform 

from which product family members are derived by combining modules (Gonzalez-

Zugasti and Otto, 2000). Since a module is also regarded as a production unit as 

well as a design unit, research in this area has the advantage of addressing produc-

tion issues. Siddique and Rosen (2001) developed an approach to searching for a 

configurable design space, taking into account assemblability in production domain 

as well as physical connectivity and functionality in design domain. Fujita and Ishii 

(1997) extended the viewpoint to market and production domains by connecting 

customer needs, physical functions, and manufacturing units. They developed a 

model to optimize module combinations and attribute levels of each module. Some 

research has attempted to evaluate failure rate (Agard and Bassetto, 2013) or pro-

duction task time (Wei et al., 2014) of a module in order to optimize module con-

figurations of a product family. 

In marketing research, product family design has been studied using the term 

product line design. Research in this field regarded a product as a combination of 

attributes. The research focused on formulating economic models to calculate prod-

uct utilities and costs. Yano and Dobson (1998) formulated an economic model of 
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profit maximization for variety decisions using a utility function and a cost equation 

calculated by product attributes. Since a major concern of product family design 

was to maximize product utilities, conjoint analysis has been generally used to 

obtain a part-worth utility of each attribute level (Green and Krieger, 1985; Morgan 

et al., 2001; Li and Azarm, 2002). Recently, Qi et al. (2020) proposed a product 

line optimization model based on the marginal moment model that overcomes 

shortcomings of the traditional multinomial logit and probit model. 

Some marketing research extended the viewpoint to the design area. The re-

search attempted to link market attributes with design parameters or modules in 

order to solve both market issues and engineering concerns (Jiao and Zhang, 2005; 

Michalek et al., 2006; 2011; Kwong et al., 2010; Luo, 2011; Miao et al., 2017). 

Ramdas and Sawhney (2001) and S. Chen et al. (2014) developed an activity-based 

costing approach that allocates development and manufacturing costs to each com-

ponent and product. Research in this field, however, has limited in considering 

manufacturing complexity induced by product variety. The research only focused 

on how to allocate production cost to each product variant rather than how to 

measure complexity cost. 

In production domain, research has focused on the interactions of a product 

family with a process configuration and a supply chain structure. For a process 

configuration, a product platform structure was a major determinant to minimize 

production cost in a given assembly process for each product (Ben-Arieh et al., 

2009; Hanafy and H. ElMaraghy, 2015; Galizia et al., 2020). To reduce manufac-

turing complexity, an assembly system layout was also a critical decision variable 

(Zhu et al., 2008; Wang and Hu, 2010; Wang et al., 2011; Modrak and Soltysova, 

2018). Xiao et al. (2018) developed a game-theoretic model to simultaneously opti-

mize a low-carbon product family and its manufacturing process design, and Busogi 
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et al. (2019) proposed a sequence optimization model to minimize complexity in a 

mixed-model assembly line. 

Research on the supply chain structuring of a product family has also been 

actively conducted. Gupta and Krishnan (1999) formulated an integer programming 

model to integrate the two problems of product family design and supplier selection. 

Afterward, integrated approaches have been proposed in which a product family 

configuration and a supply chain structure are simultaneously or sequentially de-

termined while minimizing cost or complexity (G. Q. Huang et al., 2005; 2007; X. 

Zhang et al., 2008; Nepal et al., 2012; H. ElMaraghy et al., 2013; Liu et al., 2018). 

Some studies have attempted to reflect market characteristics in supply chain struc-

turing. Lamothe et al. (2006) proposed an optimization model that simultaneously 

designs a product family and a supply chain structure using a bill-of-materials 

(BOM) in which products are described by attribute levels from the markets. Fujita 

et al. (1998) divided the problem into two layers of a product configuration and a 

supply chain structure. Then, they formulated an optimization model by linking 

elements in the two layers. 

 

2.3.2 Variety optimization 

While the previous subsection reviewed product family design studies classified by 

domains, this subsection reviews research focused on a variety optimization in prod-

uct family design. A lot of research in design domain has been interested in obtain-

ing product configurations defined by design parameters. In many cases, the num-

ber of product variety was fixed by assuming that one product is positioned to each 

market segment. In addition, the previous research has dealt with the variety opti-

mization problem with a restricted set of product candidates. Fujita and Ishii (1997) 



 

 

26

classified variety optimization problems into three classes: attribute assignment, 

module combination, and simultaneous design of both. Then, they developed an 

optimization model that focuses on determining the number of modules shared 

across a product family given a fixed number of products. Agard and Bassetto 

(2013) proposed a method for optimizing module combinations of products in terms 

of product quality and cost, but the number of product variety was still fixed. 

Afterward, Van den Broeke et al. (2017) have attempted to consider a decision on 

the number of variety in planning a product portfolio, but there was a limited 

consideration on showing the impact of variety on other domain issues. 

In marketing research, on the other hand, the number of product variety has 

been more relaxed as a decision variable. Kumar et al. (2009) allowed releasing 

multiple products to multiple market segments and then estimated market share of 

a product family by the nested logit model. Ramdas and Sawhney (2001) developed 

an optimization model that reflects both cost interactions and revenue interactions 

within a product family. Jiao and Zhang (2005) addressed customer-engineering 

interactions to contain variety impacts on cost and cycle time into the portfolio 

planning problem, but a product configuration was only represented as market at-

tributes, not design and production units. Michalek et al. (2006, 2011) covered both 

marketing and engineering decisions on product configurations by developing the 

analytical target cascading (ATC) model that represents a dynamic decision process 

in the product family development. While the ATC enabled to decide product va-

riety and product configurations from the cross-domain viewpoint, the model was 

limited to accommodating variety impacts. Luo (2011) expanded the design space 

of a product family for the practicality of product line design, and validated it 

through a simulation study. Kwong et al. (2010) formulated a multi-objective opti-
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mization problem for market share, cost, and development time to select an appro-

priate number of product profiles described by attribute combinations. Then, S. 

Chen et al. (2014) proposed an evolutionary approach to composing a modified 

product family through a mixed logit model and an activity-based costing method. 

Goswami et al. (2017) proposed a methodology to find an optimal product variety 

with product configurations in a single market by utilizing function-based cost es-

timation and multi-linear regression. 

In production domain, the previous research has considered product variety as 

a decision variable, and evaluated the amount of manufacturing complexity by a 

variety decision. Zhu et al. (2008) developed a measure for manufacturing complex-

ity in a mixed-model assembly line generated by product variety. Wang et al. (2011) 

proposed a multi-objective optimization approach to balance product variety and 

manufacturing complexity. The model derived various possible solutions with dif-

ferent market share and complexity depending on a decision on product variety and 

configurations. For supply chain design, Lamothe et al. (2006) and Fujita et al. 

(1998) simultaneously considered the processes of designing a product family and 

constructing a supply chain. In those works, optimization models were formulated 

by reflecting how product variety and configurations interact with a supply chain 

structure. 

As reviewed in the previous paragraphs, product family design has continuously 

been studied to reflect primary considerations in market, design, and production 

domain. A product family has been represented as attributes in market domain, 

modules in design domain, and processes in production domain. Although a few 

studies have considered the extended viewpoint across domains, those studies has 

limited to define a product configuration with regard to the relationships among 

attributes, modules, and production processes in different domains. In this vein, 
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research in product family design needs to reflect cross-domain relationships among 

market, design, and production units by showing the mechanism of how variety 

affects market share and complexity cost. The previous research has tried to con-

sider variety interactions with market share and manufacturing complexity, but 

there were few works to find an optimal variety in reflecting increasing tendencies 

of market share and complexity cost simultaneously. Thus, this study focuses on 

identifying an optimal variety by reflecting both increasing tendencies of market 

share and complexity cost affected by variety.  
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Chapter 3 

 

Variation Architecture 

for Reducing the Generation of Unexpected Variants 

 

 

This chapter introduces variation architecture (VA) that provides cross-domain 

mapping mechanisms to deal with the challenge of unexpected variants. Section 3.1 

explains why a systematic approach is needed for variety management. Section 3.2 

introduces VA, describes its compositions, and explains how to manage variety by 

the VA. Then, section 3.3 provides a framework for planning product variety 

through VA, and section 3.4 applies the framework to the real field case of a front 

chassis family. In the end, section 3.5 concludes the chapter. 

 

3.1 Introduction 

3.1.1 Generation of unexpected variants 

One of the major issues in variety management is to prevent continuously generated 

variants of design elements. Unexpected growth in variants plays a significant role 

in increasing overhead costs and complexity (MacDuffie et al., 1996; Fisher and 

Ittner, 1999; Staskiewicz et al., 2020). Sources of unexpected variants can be di-

vided into two types, external causes from the market and internal causes from the 

production, as described in Figure 3.1 (H. ElMaraghy et al., 2013). External causes 
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include diverse customer needs, changes in national regulations, and different re-

quirements from various markets. If a company expands its sales market from do-

mestic to Europe, it needs to consider a diesel engine version of a car model, which 

is preferred by Europeans. In this case, design elements, such as steering gear sys-

tem and cross member, must be modified by generating additional variants. Internal 

causes, on the other hand, are associated with differences in facility capabilities, 

assembly conditions, or manufacturing processes. For example, if two facilities use 

different fastening methods, such as bolts or clips, a company should differentiate 

a design element into two variants. 

Since many causes are continuously arising from market and production, the 

number of variants to be managed is gradually increasing (H. ElMaraghy et al., 

2013). This phenomenon is easily found in the automotive industry. Figure 3.2 is 

an example of a manufacturing company developing a front chassis of an automobile 

consisting of nine modules. The company produces a front chassis family to config-

ure various car models targeting global markets, including Korea, Europe, and the 

Middle East. As the company has sequentially developed each car models and has 

extended its sales market globally, the number of front chassis variants has reached 

268. To configure this large number of variants, a total of 180 module variants were 

 

Figure 3.1: Generation of unexpected variants 
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required. The number of design units increases when counting up to the submodule 

and part-level variants. Most manufacturing companies are in the same situation 

where variants of design elements continuously increase. In the real field, however, 

relationships between design elements and the causes across the domains are so 

complex for most of the existing product families that they cannot be easily man-

aged without a systematic approach. 

 

3.1.2 Needs for a systematic approach 

A systematic approach implies a top-down approach by which a mechanism of var-

iant generation is established. Figure 3.3 shows a top-down approach compared to 

a bottom-up approach. Most of the growing companies have managed variety 

through a bottom-up approach by which a company constantly has to respond to 

external and internal causes without any scheme. Variety management activities 

have been executed by carrying-over or reusing developed variants of design ele-

ments. This bottom-up approach, however, has resulted in the increased overhead 

costs and complexity due to additional design efforts or modifications of a produc-

tion system (W. ElMaraghy et al., 2012). In this situation, a top-down approach is 

 

Figure 3.2: Variety management in practice 
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a good solution to manage variety systematically. This approach provides a mech-

anism for generating variants of design elements in an explicit manner. This mech-

anism enables a company to identify variants of design elements to be developed 

by linking them with internal and external causes in market and production domain. 

This study approaches the variety challenge of unexpected variants by intro-

ducing a product family architecture in which an overall variety plan is established. 

An architecture plays a significant role in variety management because it provides 

cross-domain mapping mechanisms by which elements in different domains are con-

nected and arranged (Ulrich, 1995). Previous research in the product family design 

field (Erens and Verhulst, 1997; Jiao and Tseng, 1999) has clarified cross-domain 

relationships with the concept of an architecture, but the research has paid little 

attention to the details of relationships between variants of design elements. In the 

real field, however, managing variety only with the generic-level architecture has 

difficulties in controlling variants that are continuously generated. Thus, a view-

point of an architecture should be extended from the generic-level to the variant-

level to identify complex relationships between variants in each domain. 

 

Figure 3.3: Bottom-up vs Top-down approach 
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This study introduces a new architecture named variation architecture (VA) in 

which relationships between variants in market, design, and production domain are 

arranged for planning variety of a product family. The VA is different from other 

existing architectures in that it extends a viewpoint from the generic-level to the 

variant-level. This study will help companies to identify complex relationships be-

tween variants at the variant-level by providing a cross-domain mapping mechanism 

and a variant generation mechanism in an explicit manner. 

 

3.2 Variation Architecture (VA) 

This study introduces a product family architecture that provides a cross-domain 

mapping mechanism and a variant generation mechanism. Variation architecture 

(VA) is defined as a reference architecture of a product family providing the scheme 

by which variants of elements in market, design, and production domain are ar-

ranged by cross-domain mapping mechanisms from the generic and variant-level 

viewpoint. The VA consists of generic-level and variant-level plans as shown in 

Figure 3.4. Each plan determines its compositions to transform a product variety 

plan into specific plans in which all products are described by variants of elements 

in each domain. 

A generic-level plan constructs a common structure of relationships between 

elements in the three domains, and the structure is shared by all products of a 

family. At this level, base units of each domain are defined first, and then their 

relationships are clarified. A variant-level plan establishes relationships between 

variants through the generic-level structure. Variants are created by a product va-

riety plan and generic-level relationships. Relationships between variants are de-

fined by combination rules to reduce unexpected variants. A generic-level plan is 
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made by a mechanism of variant generation with a common structure of relation-

ships between elements, while a variant-level plan generates variants by setting 

specific combination rules between variants. By interacting with the two plans, a 

company can achieve the desired product variety plan with a reasonable number of 

variants of elements. The following subsections describe the compositions of the VA. 

 

3.2.1 Generic-level planning 

The VA is divided into three domains: the design domain, where variants of design 

elements are developed, and the market and the production domain, where external 

and internal causes of variants exist, respectively. Since each domain has a different 

view for a product, as shown in Figure 3.5, it is necessary to define a base unit for 

each domain. 

 

Figure 3.4: Variation architecture 
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(1) Elements in each domain 

In the market domain, a product is viewed as a set of attributes: 

 [ ]1 2 3 4, , , ,...marketP A A A A=  (3.1)

An attribute (A), a base unit in the market domain, represents a property of a 

product with which customers distinguish between products (Robertson and Ulrich, 

1998). A set of attributes includes market-dependent and customer-desired charac-

teristics of a product. In the automotive industry, for example, product variants 

are differentiated by market-dependent characteristics such as drive type, weather 

type, or national regulations that depend on the standards of a sales region. In a 

sales market, product variants are distinguished by customer-desired characteristics 

such as engine type, body type, and wheel size. Customer-desired attributes vary 

depending on the differentiation strategies of a company as well as the common 

industry standards.  

 

Figure 3.5: Three views on a product 
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In the design domain, a product is configured by a combination of modules: 

 [ ]1 2 3 4, , , ,...designP M M M M=  (3.2)

A module (M) is a physical chunk that performs one or more functions as an inde-

pendent system (Ulrich, 1995). In a modular product family, a module is a depart-

mental unit of a design team and is treated as a subassembly produced in a pro-

duction facility (MacDuffie, 2013). An automobile, for example, is configured by 

modules such as body, chassis, engine, and transmission. Lower-level parts, such as 

front door, rear door, front chassis, or rear chassis, can also be regarded as modules 

depending on the organizational structure of design teams or the capabilities of 

production facilities. Represented as product specifications, modules are closely re-

lated to attributes and also influence production processes. Thus, modules should 

be carefully defined at the appropriate level to match market attributes and pro-

duction facilities. 

In the production domain, a product is produced by a series of facilities in a 

supply chain. In this study, a facility is defined as a base unit of production, and a 

product is described by a series of facilities: 

 [ ]1 2 3 4, , , ,...productionP R R R R=  (3.3)

A facility (R) is a place where manufacturing or assembly processes are executed to 

produce modules, subassemblies, or final products. For example, facilities of an 

automobile include a chassis assembly line, an engine supplier, and a final assembly 

line. A company assigns facilities to a product family by considering the capabilities 

of suppliers and assembly lines. If a company is supported by mega suppliers having 

high capability, it needs fewer facilities. However, if a company contracts with small 
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suppliers having low capability, it requires more facilities to produce smaller mod-

ules or subassemblies. Thus, an appropriate production unit should be defined by 

considering the capabilities of facilities to have a strong supply chain for variety 

management. 

(2) Relationships between elements 

The VA plans product variety by defining relationships between elements across 

the domains. The process of defining relationships is divided into two steps: allo-

cating attributes to modules and assigning modules to facilities. Since the genera-

tion of variants depends on the relationship type, a company needs to select an 

appropriate type of relationship that suits its purpose and situation. 

At first, relationships between attributes and modules are defined. A relation-

ship exists when a module should be modified by a differentiated attribute. When 

all relationships are represented as a binary matrix LA→M, relationships between 

attributes [A]=[A1,A2,A3,…]T and modules [M]=[M1,M2,M3,…]T are stated as the fol-

lowing equation: 

 [ ] [ ][ ]A MA L M®=  (3.4)

where an element of the matrix [LA→M]ij is one if there exists a relationship between 

attribute i and module j. 

Figure 3.6 shows two conflicting relationship types. A phone and an automobile 

are described as examples of one-to-one and n-to-m relationship types Note that a 

relationship type can differ even for the same product type. The first example is a 

phone with a one-to-one relationship type in which each attribute is mapped to one 

module. In this relationship type, an attribute is related to exactly one module, so 

the number of required module variants is equal to the number of differentiated 

attribute levels. The number of module variants has a linear association with the 
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number of attribute levels. Thus, a one-to-one relationship type is more advanta-

geous for product variety because product variants are created by combining dif-

ferentiated attributes with fewer module variants. 

On the other hand, an n-to-m relationship type requires more module variants 

to accommodate differentiated attributes. On the right side of Figure 3.6, if the 

drive type of an automobile is differentiated into two levels, a left-hand drive and 

a right-hand drive, the related modules, such as body, chassis, and transmission, 

should be developed in two different variants respectively. From the perspective of 

a chassis, variants are required as many as the number of combinations of the 

related attributes, such as drive type, weather type, engine type, and transmission 

type. Thus, in this complicated relationship type, the number of required module 

variants increases exponentially as attributes are more differentiated. In the real 

field, it is wasteful to realize all combinations of attribute levels because most prod-

ucts are close to the n-to-m relationship type rather than the one-to-one type. Thus, 

 

Figure 3.6: Relationship types between attributes and modules 
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a company is in need of a variant-level plan by packaging attribute levels that are 

attractive to customers. 

In the second step, the VA assigns modules to facilities. A company has a dif-

ferent relationship type depending on the capabilities of production facilities. This 

study introduces a binary matrix LM→R indicating an assignment plan between mod-

ules [M]=[M1,M2,M3,…]T and facilities [R]=[R1,R2,R3,…]T. Relationships between mod-

ules and facilities can be represented as follows: 

 [ ] [ ][ ]M RM L R®=  (3.5)

where [LM→R]jk is one if there is a relationship between module j and facility k. 

Figure 3.7 describes two relationship types with two opposite examples of an 

automobile. The first example on the left side is one-to-one or n-to-one relationship 

types in which a module is produced as it is designed, or more than one module is 

 

Figure 3.7: Relationship types between modules and facilities 
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produced in a single facility. These types are suitable for a company where produc-

tion facilities are capable of producing modules. It also includes the case of a com-

pany trading with a highly capable mega supplier. Companies that have achieved 

vertical or horizontal integration of their suppliers are suitable for these types of 

relationships (MacDuffie, 2013). In the example, a body and a chassis module are 

the case where design and production units are aligned (one-to-one), and an engine 

and a transmission module are included in the case of trading with a mega supplier 

(n-to-one). These cases require a relatively small number of module variants since 

a production facility has the capability to produce as many variants as needed. 

Relationship types of one-to-n or n-to-m, on the other hand, appear when a 

facility has low capability to accommodate diverse module variants or a supplier 

has the risk of delay. In these types, a company implements dual sourcing as a 

strategy to hedge the risk of delay. A body module on the right side of Figure 3.7 

is an example of dual sourcing. Instead of dual sourcing, a company can split a 

module into two submodules to assign them to small suppliers. A chassis module is 

divided into a front and a rear chassis in the example. In some cases, even if a 

company contracts with a mega supplier, it often implements dual sourcing for risk 

management. In these relationship types, a company manages a relatively large 

number of module variants since a module is produced by multiple suppliers in 

different production conditions. Thus, a company should select its facilities carefully, 

taking into account the capabilities of facilities and the compatibility between var-

iants produced in different facilities. 

In the example above, only module facilities are described, but the same logic 

can be applied to subassembly facilities and final assembly lines. A subassembly 

facility has relationships with modules that compose a subassembly, and a final 
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assembly line has relationships with all modules because the line assembles all sub-

assemblies to a complete product. Thus, subassembly facilities and a final assembly 

line have an n-to-one relationship type with modules. In the case of an automobile, 

subassembly facilities and final assembly lines are assigned by car models. Thus, 

module variants are generated when the same variant is shared across multiple car 

models due to different conditions of the facilities. How to reduce these unexpected 

variants is covered in the next subsection. 

 

3.2.2 Variant-level planning 

A generic-level plan builds a basis for variety management by defining elements in 

each domain and their relationships. A variant-level plan defines detailed relation-

ships between variants of the elements. Relationships are specified by management 

rules that reduce the design space of variant combinations. The purpose of a vari-

ant-level plan is to prevent unexpected variants by setting rules between variants. 

This subsection describes variants in each domain and management rules between 

variants. 

(1) Variants 

A variant is an instance of an element, while an element is regarded as a class. An 

instance is an object having its own value. The instance of an attribute is called 

attribute level. For example, attribute levels of the drive type attribute are a left-

hand drive and a right-hand drive, and the wheel size attribute has a 15-inch and 

a 16-inch as attribute levels. The instance of a module is a module variant that is 

specified by its own specifications. A wheel module, for example, has a 15-inch 

wheel and a 16-inch wheel as variants. The instances of a facility are facilities such 
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as assembly lines and suppliers. Facilities produce module, subassembly, and prod-

uct variants that are defined in the design domain. Variants of a chassis supplier 

are notated as a chassis supplier A and a chassis assembly line B.  

A variant-level plan aims to minimize the number of module variants. Thus, the 

plan needs to identify which attributes and facilities are connected around module 

variants. A variant of module j is defined by a function of related attributes and 

facilities: 

 ( )( ), ( )j jM f A j R j=  (3.6)

where A(j) and R(j) are attributes and facilities that are connected to module j. The 

equation represents that a module variant is specified by a combination of related 

attribute levels and facilities. As shown in Figure 3.8, if a chassis module is con-

nected to two attributes and one facility, having two variants by each, the number 

of module variants to be developed is ideally eight. The number of required module 

variants grows as the more elements are connected and their variants are increased. 

 

Figure 3.8: Generation of module variants 
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A generic-level plan covers the possibility of developing all combinations of var-

iants. Covering all combinations, however, is too difficult to manage variety as the 

number of variants increases dramatically, especially module variants. A variant-

level plan provides logical rules for reducing a range of possible combinations. Of 

course, in the real field, manufacturing companies have been made a lot of efforts 

to reduce the number of combinations based on their experiences, but a variant-

level plan of the VA is significant in that it promotes interactions across the domains 

by defining their experiences as combination logic called management rules explic-

itly. The following paragraphs introduce four types of management rules. 

(2) Management rules 

A management rule is a combination logic for variants within and across the do-

mains to reduce the number of possible combinations. As shown in Figure 3.9, 

management rules are categorized into four types: configuration, commonality, al-

location, and compatibility rules. Note that additional rules can also be added. 

A configuration rule is a rule for combinability between attribute levels. In the 

marketing area, a rule is represented as the if-then logic that helps a customer to 

select possible options for a product (Møller et al., 2001). A logic is stated in various 

forms such as if A then B (A→B), if A then not B (A↛B), etc. An example of 

configuration rules is that if a customer chooses a 2,400 cc engine for an automobile, 

then it only comes with 17-inch wheels. The rule is stated in Figure 3.9(a). Config-

uration rules are usually used to configure product options in each market. In the 

automotive industry, for example, companies offer several trim versions of a car 

model to customers by packaging attribute levels among various combinations. 

Since configuration rules reduce the number of product variants, the number of 

module variants can also be significantly reduced. 
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Secondly, a commonality rule is determined by a commonality plan of module 

variants. A commonality plan is to share common design elements across product 

variants having different attribute levels (Robertson and Ulrich, 1998). A common-

ality rule is set when a single module variant is planned for different attribute levels 

as described in Figure 3.9(b). In the example, a chassis variant covers 1600 cc, 2000 

cc, and 2400 cc engines even a chassis is affected by the engine type. The rule is 

represented as a function of a module variant (f(a)=f(a’)). It means that module 

variants with different attribute levels are covered by a common variant. With the 

same logic, commonality rules can be applied to submodules and parts as well. 

 

Figure 3.9: Management rules (a) configuration rule (b) commonality rule (c) allo-
cation rule, and (d) compatibility rule 
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An allocation rule is determined by an allocation plan of module variants to 

facilities. An allocation plan divides a set of module variants into several groups 

and allocates them to each facility. In Figure 3.9(c), four chassis variants are divided 

into two groups by the engine type, 1600 cc and 2000 cc. The two groups are 

allocated to two suppliers, respectively. As in this example, an allocation plan gen-

erally allocates module variants by attribute levels. Thus, a rule is represented by 

the if-then logic with attribute levels and facilities (a→r). An allocation plan in 

variety management aims to reduce module variants by removing differences be-

tween variants when multiple facilities produce an identical module variant. If a 

company needs to implement dual sourcing for risk management, the following 

compatibility rule can be applied instead of an allocation rule in order to reduce 

unexpected variants. 

A compatibility rule is needed when several facilities in different conditions pro-

duce an identical module variant. To establish a compatibility rule, a company 

needs to make an effort to analyze production conditions of facilities. A rule is 

applied by restricting design parameters of a module variant produced by facilities, 

such as material, geometrical, or electrical parameters (Singhal and Singhal, 2002). 

As shown in Figure 3.9(d), when supplier A and B produce four identical module 

variants, respectively, a compatibility rule is applied between the two suppliers. If 

the compatibility with the suppliers is not guaranteed, four module variants should 

be managed as eight different units during the development process. A compatibil-

ity logic is stated that module variants produced by different facilities are equal 

(f(r)=f(r’)). In most cases, it is significant for a company to understand the gap 

between facilities in different conditions and then set a rule by constraining design 

parameters of module variants. 
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3.3 Framework for Planning Product Variety 

This section proposes a framework for planning product variety through the varia-

tion architecture (VA). Figure 3.10 describes the framework in which a variety plan 

is specified by both generic and variant-level plans. As in the development process 

of a product family, the framework is applied sequentially into market, design, and 

production domain by defining domain elements, their generic relationships, vari-

ants, and management rules. The framework is divided into generic and variant-

level planning parts. The two parts continuously interact to give shape to a product 

variety plan. Each planning is conducted by defining compositions of the VA one 

 

Figure 3.10: Framework for planning product variety by the VA 
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by one. The final output of the framework is generic-level relationships and variant-

level configurations of all product variants in a family. To construct an effective VA, 

development teams in each domain need to cooperate concurrently with each other 

in the framework. 

The VA is a tool for planning product variety, so it can be implemented by a 

system containing different views of each domain. A key role of the system is to 

connect domain elements in different views, so it is important to clarify generic-

level elements first. This enables active interactions between development teams in 

each domain. The VA also constructs specific relationships between variants of do-

main elements so that the teams identify an impact of their decision on other var-

iants in each domain. After establishing a VA, product variants are specified by 

configurations of variants (i.e., attribute levels, module variants, and facilities). The 

framework helps a company establish a VA that defines configurations of product 

variants from the three views. In this study, a demo system for the front chassis 

family case is developed to construct a VA through the framework. 

 

3.4 Application 

3.4.1 Case description 

In this case study, the framework proposed in the previous section is applied to a 

front chassis family. This case study aims to construct a VA of a front chassis family 

to reduce the number of variants of design elements compared to the currently 

being produced. The framework is applied to three car models out of twenty models 

in a family. Figure 3.11 describes the structure of a front chassis family with the 

number of variants in production. A total of 268 front chassis variants are currently 
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being produced to cover 613 product variants of the three car models. A front 

chassis consists of nine independent modules, and each module is composed of sub-

modules and parts. A total of 180 module variants and 617 units of submodules 

and parts are being produced to configure 268 front chassis variants. 

The company manages variety by carrying-over or reusing module, submodule, 

and part variants to cover product variants. However, since each car model is de-

veloped sequentially every year and has different differentiation strategies, those 

variants of modules, submodules, and parts are continuously generated and modi-

fied. In this situation, this study expects that the number of variants is reduced by 

constructing a VA of the front chassis family as a top-down approach to variety 

management. 

 

Figure 3.11: Front chassis family 
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The case study was conducted under some assumptions. At first, the study 

assumed that a relationship type between modules and facilities is the one-to-one 

type, in which one supplier produces all variants of one module. This assumption 

is based on the fact that the company controls its suppliers to produce compatible 

variants even they implement dual sourcing. For this reason, the study focused on 

relationships between attributes and modules, having the n-to-m relationship type, 

rather than relationships between modules and facilities, having the one-to-one re-

lationship type. Additionally, the study assumed that the VA could be applied to 

submodules and parts which are lower-level units of a module. This is because a 

commonality plan is generally applied to the lower-level units as well as modules. 

The study achieved this by extending relationships between attributes and modules 

to submodules and parts. 

 

3.4.2 Construction of variation architecture (VA) 

This case study has tried to construct a VA of the front chassis family to reduce 

variants compared to the current situation. A demo system has been developed to 

construct a VA by implementing the variant generation mechanism. Figure 3.12 

describes the demo system in which a product variety plan is specified by generic 

and variant-level plans. For the front chassis family, efforts to reduce variants were 

made in two areas underlined in Figure 3.12. The first area was where the generic 

relationships between attributes and modules were defined. The second area was 

where commonality rules were applied to the lower-level units, which are submod-

ules and parts. 

Firstly, the study focused on complex relationships between attributes and mod-

ules. The three car models are targeted different sales markets and have different 
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differentiation strategies. As a result, each model has a different relationship struc-

ture as shown in Figure 3.13. For model B, fewer attributes are differentiated, so 

relatively few relationships have been found. On the other hand, models A and C 

implement different sales strategies leading to different relationship structures. 

Thus, the case study has combined the three different relationships into a generic 

one that covers the gap between the three models. Engineers in the design team 

provided information about the generic relationship of the models. From the inter-

view, the market (A1) and weather type (A3) were integrated into a single attribute 

since those attributes had the same differentiation criterion. Besides, the weight 

(A16) was required because a front chassis reacts sensitively to the weight of a car. 

Next, module variants were reduced by setting commonality rules for submodule 

and part variants as well as module variants. Before that, the study prepared a list 

of product variants represented by attribute levels. Then, module variants were 

generated based on the list and the generic relationships. Table 3.1 arranges existing 

combinations of attribute levels that are related to the brake assembly module. The 

 

Figure 3.12: Demo system for the construction of a VA 
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brake assembly module is affected by four attributes: GT, disk size, European pad, 

and weight. Thus, ten combinations were derived from the product variety plan 

represented by attribute levels. Commonality rules were then applied by analyzing 

whether a variant could be shared by different combinations of attribute levels. In 

the example, three commonality rules were set to cover combinations 1-2, 5-6, and 

 

Figure 3.13: Generic relationships between attributes and modules of the front 
chassis family 
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8-9 as variant 001, 004, and 006, respectively. The product variety plan represented 

by module variants are described in Table A.1 in Appendix A. 

Table 3.1: Setting commonality rules for brake assembly module variants 

Combinations GT DS EP W Module variant 
1 X 15 inch X level 1 

001 
2 X 16 inch X level 1 
3 X 17 inch X level 1 002 
4 O 17 inch X level 1 003 
5 X 16 inch O level 1 

004 
6 X 17 inch O level 1 
7 X 18 inch O level 1 005 
8 X 16 inch X level 2 

006 
9 X 17 inch X level 2 

10 X 18 inch X level 2 007 
 

 

Figure 3.14: Relationships between submodules of the brake assembly and attrib-
utes 
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After planning for module variants, a commonality plan was further applied to 

the submodule and part-levels. Firstly, the study defined relationships between at-

tributes and submodules. Since the brake assembly module is affected by four at-

tributes, a relationship structure of submodules is also related to the same attrib-

utes as shown in Figure 3.14. Then, submodule variants were created by combina-

tions of attribute levels as the case of module variants. Commonality rules were set 

to reduce variants. Table 3.2 is an example of submodule variants assigned by com-

monality rules on grey backgrounds. An extended version of Table 3.2 is represented 

in Table A.2 in Appendix A. Note that commonality rules applied in the case study 

were based on the criteria currently used in the company. 

 

3.4.3 Result and discussion 

The case study constructs a VA of the front chassis family and makes efforts to 

reduce variants of design elements through both generic and variant-level planning. 

As a result, the number of variants was considerably reduced compared to the 

current situation. Figure 3.15 describes the result. The number of front chassis, 

module, and submodule (including parts) variants decreased from 268 to 228, 180 

to 115, and 617 to 455, respectively. The reduction rates are 14.93%, 36.11%, and 

Table 3.2: Setting commonality rules for submodule variants of the brake assembly 
module 

Submodule 4 Brake assembly variants 
001 002 003 004 005 006 007 

variant 1 O       

variant 2  O O     

variant 3    O O   

variant 4      O  
variant 5       O 
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26.26%, respectively. Front chassis variants could be planned systematically across 

the three car models by integrating different relationships between attributes and 

modules into the generic one. Module variants were also considerably reduced by 

the systematic planning process in the framework. The reduction in submodule and 

part variants is due to the effect from the reduced module variants and the com-

monality rules applied to the lower-level units. Tables 3.3 and 3.4 show how much 

variants decreased by each module. The overall variants were reduced because a 

VA establishes the generic relationship structure covering all car models. 

The VA has advantages not only in reducing unexpected variants but also in 

other areas. One important advantage is to ensure the visibility and traceability in 

variety management by connecting different views of the market, design, and pro-

duction domain. Each domain defines its element and makes a decision on creating 

or removing a variant of an element. The VA provides a mechanism of how a deci-

sion in one domain influences other domains through cross-domain relationships. It 

also enables the development teams in different domains to communicate with each 

 

Figure 3.15: Summary of the result 
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other through additional efforts such as developing a tracking system for variety 

decisions. 

Another advantage of the VA is to encourage the alignment of elements and 

strategies of the three domains. If relationships between attributes and modules are 

Table 3.4: Number of submodule and part variants of each module 

Module Before After Reduction rate 
 1: Brake assembly 150  122  18.67% 
 2: Axle assembly 48  36  25.00% 
 3: Lower arm 31  31  0.00% 
 4: Drive shaft 50  44  12.00% 
 5: Cross member 27  20  25.93% 
 6: Roll stopper 20  17  15.00% 
 7: Steering gear 98  67  31.63% 
 8: Stabilizer bar 21  16  23.81% 
 9: Strut assembly 172  102  40.70% 

Total 617 455 26.26% 
 

Table 3.3: Number of module variants of each module 

Module Before After Reduction rate 
 1: Brake assembly 16  10  37.50% 
 2: Axle assembly 14  9  35.71% 
 3: Lower arm 5  4  20.00% 
 4: Drive shaft 22  15  31.82% 
 5: Cross member 24  13  45.83% 
 6: Roll stopper 17  7  58.82% 
 7: Steering gear 14  6  57.14% 
 8: Stabilizer bar 5  4  20.00% 
 9: Strut assembly 63  47  25.40% 

Total 180 115 36.11% 
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too complex, it constrains a diversity of products. In addition, if design and pro-

duction elements are not aligned, additional effort is required to produce modules 

by suppliers and production systems. The VA provides cross-domain mapping 

mechanisms to avoid complex relationships between elements so that a company 

has the aligned elements to manage variety effectively. The VA has the role of a 

reference architecture that provides information on what type of relationships be-

tween elements is effective for a company’s variety strategy. A company will estab-

lish an appropriate variety strategy within the entire structure of the VA by coor-

dinating constraints of each domain and defining aligned relationships between at-

tributes, modules, and facilities. 

In this study, the VA was applied to reduce unexpected variants while covering 

the same number of product variants. Although the study obtained a meaningful 

result from the perspective of variants reduction, it is still difficult to evaluate 

whether a VA is good or not for a company. This is the same issue as evaluating 

whether an integral product architecture or a modular product architecture is bet-

ter. As in the case study, reducing module variants by commonality may lead to a 

negative effect such as performance loss of product variants or disappearance of 

product dissimilarities. Thus, it is necessary to provide evaluation criteria to assess 

a VA from diverse perspectives. This study suggests several criteria proposed in 

previous studies. 

An important part of platform and product family design is to coordinate a 

commonality plan and a differentiation plan (Robertson and Ulrich, 1998). From 

this point of view, previous research proposed several indices for evaluating the 

commonality level, diversity level, and product performances of a product family 

(Simpson, Seepersad et al., 2001; Thevenot et al., 2007). These indices can help for 

a company to design a product family architecture by providing trade-offs between 
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diverse criteria. There is another method that evaluates an architecture in terms of 

its integrality and modularity. Fixson (2005) suggested two dimensions for evaluat-

ing a product architecture: the relationship type between functional and physical 

elements and the interface characteristics between physical elements. Erixon (1998) 

proposed an extended criteria for modular design. He covered the entire lifecycle of 

a product family. He suggested the evaluation criteria such as assembly time, de-

velopment time and cost, quality, and variety to assess a modular architecture con-

sisting of modules. 

Since the purpose of the construction of a VA cannot be only to reduce the 

number of variants, the study should evaluate an architecture using those criteria 

mentioned in the previous paragraph. The further goal of the study will be to 

provide a method to evaluate the output of the framework for the construction of 

an effective VA which is suitable for a company. 

 

3.5 Summary 

This study introduced variation architecture in order to prevent unexpected vari-

ants induced from external and internal causes in the market and production do-

main, respectively. Variation architecture (VA) is a reference architecture of a prod-

uct family providing the scheme by which variants of elements in the market, design, 

and production domain are arranged by cross-domain mapping mechanisms. The 

VA is different from other existing architectures in that it establishes cross-domain 

mapping mechanisms not only at the generic-level but also at the variant-level. In 

the VA, a variety plan is specified as a generic-level plan and a variant-level plan. 

A generic-level plan constructs a common relationship between elements in the 

market, design, and production domain. A variant-level plan generates variants of 
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elements and introduces management rules to define possible design space of variant 

combinations. The VA is an effective tool for variety management because it ex-

plicitly creates variants using a top-down approach compared to a bottom-up ap-

proach in which variants are continuously generated and modified. A framework 

for planning product variety was proposed, and it is applied to a front chassis family 

in the case study. The case study demonstrated that the number of variants of a 

front chassis, modules, and submodules was considerably reduced by constructing 

a VA. 

Since this study focuses on introducing a concept of the product family archi-

tecture, future research is needed to strengthen its embodiment. First of all, the 

VA needs to be customized by industries and companies. Companies implement 

different variety strategies, so the definition of elements and their relationships 

varies depending on their situation. The VA needs to be applied to many cases to 

improve its practicality and completeness. Next, future research needs to increase 

the flexibility of the VA. Since the VA is constructed early in the development 

process, it should cope with continuously changing environments such as applying 

new technologies or targeting new segments. Considering a long lifetime of an ar-

chitecture, it is necessary to study how an architecture flexibly responds to envi-

ronmental changes. Lastly, the VA needs to be coordinated with other management 

systems. Most companies already use systems or tools required for the development 

of a product family such as bill-of-materials (BOM), computer-aided design (CAD), 

or product lifecycle management (PLM). Information in those systems is closely 

related to the elements of the VA, so the integration of the VA with those systems 

is one important part of future research.  
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Chapter 4 

 

Variant-level Interface Design 

for Reducing Design Complexity 

 

 

This chapter proposes a variant-level interface design methodology for reducing 

design complexity of a modular product family. The study provides design com-

plexity metrics and proposes a framework for determining the number of standard 

interfaces. Section 4.1 addresses an interface design problem in modular product 

family design. Section 4.2 describes the concept of variant-level interface design 

compared to the concept of generic-level modular design. Then, section 4.3 intro-

duces two sources of design complexity and develops metrics for them. Section 4.4 

provides a framework for determining interface variants, and section 4.5 applies the 

framework to the case of a front chassis family to demonstrate the usage of the 

methodology in practice. In the end, section 4.6 concludes this chapter. 

 

4.1 Introduction 

Design complexity is one of the critical issues in variety management. Design com-

plexity refers to design and integration efforts originated from elements of a system 

and their interactions (Lindemann et al., 2008). When developing a modular prod-

uct family, diverse module variants and their combinations become major sources 

of complexity. Various combinations of module variants require additional time and 
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cost to develop and test (H. ElMaraghy et al., 2013). In order to reduce design 

complexity, a modular product family adopts standard interfaces to efficiently de-

velop a variety of products (Baldwin and Clark, 2000; Ulrich, 1995). When a veri-

fied standard interface is applied, module variants can be compatible with each 

other, so that various combinations of module variants can be easily produced 

without spending much time and cost (Hölttä and Otto, 2005, Ulrich, 1995). In this 

regard, many methodologies (Pimmler and Eppinger, 1994; Newcomb et al., 1996; 

Gonzalez-Zugasti and Otto, 2000) have been proposed in the modular design field, 

but most of the studies have focused on the modularization of design elements 

rather than the standardization of interfaces. Those studies have assumed that 

interfaces are already standardized or dealt with a single interface rather than mul-

tiple interfaces. 

In the real field, however, multiple interfaces are designed and managed rather 

than a single standard interface due to practical issues such as compatibility be-

tween module variants. In the computer industry, for example, manufacturers plan 

their product portfolios taking into account compatibility between the CPU and 

the mainboard. As an example in Figure 4.1, Intel Corporation produces 6th and 

7th generation models sharing the same interface of the 1151 socket, while 8th and 

9th generation models use an interface of the 1151v2 socket. Thus, 6th and 7th 

generation models can be combined with H110 and B250 mainboards, and 8th and 

9th generation models are produced with H310 and B360. This interface variety 

constrains module combinations and generates different aspects of design complex-

ity in a product family. At this point, companies need to carefully decide whether 

to standardize interfaces and how many standard interfaces to develop by consid-

ering design complexity. 
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 This study proposes a methodology for variant-level interface design that pro-

vides a mechanism of how decisions on standard interfaces influence design com-

plexity. The methodology is different from the previous studies in that it addresses 

the use of multiple interfaces and the impacts on design complexity. Interface vari-

ants require development efforts and simultaneously affect the overall structure of 

a product family. In this study, these effects are defined as two types of complexity: 

standardization effort and integration effort. This study introduces metrics for the 

two complexities. The proposed metrics are a modified version of the existing com-

plexity metrics (Hölttä and Otto, 2005; Sinha and de Weck, 2013). Then, the study 

proposes a framework for determining interface variants to apply the proposed in-

terface design methodology to practical cases. 

 

4.2 Variant-level Interface Design 

A modular product family achieves product variety by combining module variants, 

and this should be based on the standardization of interfaces between module var-

iants. In most cases, there is no complete interface that is compatible with all 

module variants as the example in Figure 4.1. Thus, a modular product family 

 

Figure 4.1: Interface variants in practice 
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needs to decide the number of standard interfaces as well as whether to standardize 

interfaces. This section describes the concept of variant-level design compared to 

modular design at the generic-level. 

Previous research on modularization (or modularity) has mainly focused on the 

generic-level architecture design, as shown on the left side of Figure 4.2. The goal 

of modularization was primarily to maximize dependencies within modules while 

minimizing dependencies between modules (Pimmler and Eppinger, 1994; Newcomb 

et al., 1996; Gonzalez-Zugasti and Otto, 2000). The research assumed that inter-

faces were already standardized, covering all module variants. On the other hand, 

variant-level design considers multiple interfaces rather than a single standard in-

terface, which are derived from diverse combinations between module variants. Note 

that the process of variant-level design is progressed after defining modules from 

generic-level design. Additionally, variant-level design proceeds after a product va-

riety plan is outlined. Information on module combinations in a variety plan gives 

a clue for the use of multiple interfaces. 

 

Figure 4.2: Comparison of generic and variant-level design 
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The goal of variant-level interface design is to minimize design complexity by 

determining the number of standard interfaces and their coverage. Its design process 

is described in Figure 4.3. Generally, after a generic architecture is defined, product 

variety, module variants, and their combinations are planned step by step. During 

this process, interfaces are standardized by considering various combinations of 

module variants from a product variety plan. Depending on a combination rela-

tionship between module variants, standard interfaces can be developed, as shown 

in the middle of Figure 4.3. When all standard interfaces between existing pairs of 

modules are determined, the overall structure of a product family is established at 

the variant-level, as described on the right side of the figure. The structure of a 

product family appears in various forms depending on the number and coverage of 

standard interfaces created between each pair of modules. Thus, a design method-

ology is required to identify an appropriate product family structure, which is less 

complex than other structures. Next section defines complexity generated after in-

troducing standard interfaces and introduces complexity metrics to evaluate a prod-

uct family structure. 

 

 

Figure 4.3: Variant-level interface design 
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4.3 Interface Design Complexity 

This section defines design complexity from the perspective of interface design. 

Standard interfaces affect design complexity locally and globally in a product family 

structure. As shown in Figure 4.4, this study divides complexity into two: stand-

ardization effort and integration effort. A standardization effort is required for de-

signing each standard interface, and an integration effort is needed when the overall 

structure of a product family is constructed, integrated, and tested. A standardiza-

tion effort is a coordination effort to develop a standard interface shared across 

module variants. The standardization effort occurs locally between a pair of mod-

ules connected through an interface. On the other hand, the integration effort arises 

globally from the overall structure of a product family after determining whether 

each interface is standardized or not. An integration effort is defined as an effort to 

integrate all module variants and standard interfaces into product variants. The 

 

Figure 4.4: Interface design complexity (a) standardization effort and (b) integra-
tion effort 
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two complexities are generated locally or globally, respectively, so complexity met-

rics should be developed from different perspectives. 

Figure 4.5 describes the effects of standard interfaces on the complexities. The 

three figures are examples of no standard interface, multiple interfaces, and a single 

interface respectively. More standardization effort is required when using a single 

standard interface compared to multiple interfaces and no interface. This is because 

a single interface needs to cover a wider range of module variants. In this case, 

every combinations of module variants should be considered even if there is no 

combination between them. In the case of the integration effort, a single interface 

provides better structural stability so it requires relatively low effort compared to 

the case of multiple interfaces. As the number of interfaces increases and combina-

tion relationships between module variants are complicated, more integration effort 

is required. The required efforts may differ depending on the characteristics of in-

terfaces and the shape of a product family structure. Next subsections introduce 

two complexity metrics for measuring the two efforts. 

 

 

Figure 4.5: Effects of standard interfaces 
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4.3.1 Standardization effort 

Standardizing interfaces needs a coordination effort between related module vari-

ants. In order to estimate this effort, an interface should be defined first. Figure 4.6 

describes the compositions of an interface between module i and j. According to 

Rahmani and Thomson (2012), an interface is an interconnection between ports of 

modules, where a port is defined as a set of parameters. Design parameters can be 

classified into four dimensions of spatial, energy, material, and signal interactions 

depending on the type of functional relationships. Rahmani and Thomson (2012) 

argued that an interface connection can be achieved by introducing port require-

ments of each port and mating rules between ports. 

This study extends their view to the variant-level, so a module port is differen-

tiated into port variants depending on module variants. Conversely, a port can be 

shared by module variants if the difference between module variants does not affect 

variations in the interface. For example, if two module variants of a car door are 

distinguished only by size or color, they can share a single interface related to the 

 

Figure 4.6: Description of an interface 
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signal interaction with a voltage parameter. Design of a standard interface between 

module i and j in Figure 4.6 can be achieved by satisfying mating rules among all 

three ports. Mating rules are compatible ranges of design parameters, and one rule 

has a direction from module i's ports to a module j's port, and the other rule is 

applied to the opposite direction. It means that as the number of ports of a module 

increases, design efforts to change design parameters to satisfy mating rules also 

increase. Thus, a standard interface design effort from module i to j is represented 

as the sum of design efforts of all module i’s port k, and the equation is as follows:  

 
k

ij ij
k

C C=å   (4.1)

This is an effort for designing module i's ports to j, so the standardization effort of 

an interface between module i and j is calculated by adding a design effort of the 

opposite case. Accordingly, the standardization effort of a product family is ob-

tained as the following equation: 
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An effort for designing each port is defined by a design difficulty for changing a 

design parameter of a port to meet mating rules. This study uses person-hours as 

an indicator of the difficulty. Hölttä and Otto (2005) have justified that a linear 

function can be adaptable for estimating person-hours required to change a design 

parameter. This study introduces a function in Figure 4.7 by adopting their work. 

The horizontal axis represents a parameter value of a port, and the vertical axis 

indicates the estimated person-hours required for designing a standard interface. 

When the current parameter value is in the range of the mating rule vijÎ[vij
*,min, 
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vij
*,max), the minimum person-hours aij are needed. The estimated person-hours lin-

early increase as the difference between the current parameter value and the range 

of the mating rule increases by assuming a linear function in this range. The slope 

of a function can be estimated through data that can be obtained through the 

interview form introduced in the next paragraph. If the shape of a function is known 

or a different tendency is shown, other types of a function can be used for the 

estimation of the required person-hours. When the current value is outside of the 

threshold range vijÏ[vij
min, vi

,max), a new concept of a standard interface is needed, 

thus it needs additional person-hours aij+ bij+ dij. Hölttä and Otto (2005) stated that 

there is a large gap between redesigning the current parameter value to meet the 

mating rule and designing a new concept of a parameter. The function of the inter-

face standardization effort is represented as below: 

 

Figure 4.7: Interface standardization effort function 
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where aij, bij, and dij are the minimum required person-hours, the maximum required 

person-hours, and the additional required person-hours for designing a new concept, 

respectively, and (vij
min, vij

,max) and (vij
min, vij

,max) are the threshold range of redesign 

and the range of mating rule, respectively. 

This study suggests an interview with engineers in order to estimate person-

hours for designing interfaces. The interview is conducted to obtain information on 

types of ports used for an interface, candidates of standard interfaces and their 

coverage, and person-hours required for designing those interfaces. Figure 4.8 shows 

examples of an interview form. The first sheet is a table for understanding which 

port is used for a module variant and which standard interface can be applied to a 

port. The second sheet includes questions for obtaining design efforts required for 

changing the value of a design parameter. The result is used for fitting a function 

for the estimated person-hours. Key questions that are the basis for conducting an 

interview is as follows: 

• (Ports) What kinds of ports does an interface between module i and j have?   

• (Standard interfaces) Which ports can be standardized in combination with 

each other?  
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• (Design efforts) How much person-hours are required when the parameter 

value of each port changes?  

 

 

Figure 4.8: Interview form examples for standard interfaces 
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4.3.2 Integration effort 

After standard interfaces are defined, a combination structure of a product family 

is determined. The shape of a combination structure affects the integration effort 

for development, test, and redesign a product family. In order to measure the inte-

gration effort of a structure, this study introduces the concept of topological com-

plexity. Topological complexity is a complexity that originates from a structure in 

which elements are connected with each other, and it is measured by matrix energy 

of a network (Sinha and de Weck, 2013). When a network is represented as an 

adjacency matrix A, the matrix energy is defined as the sum of singular values of 

the matrix as below: 

 
1
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n
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=
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where n is the number of elements, and σi is ith singular value of the matrix A. 

This topological complexity metric has been demonstrated that it is compliant 

with Weyuker (1988)’s criteria for being an indicator of complexity. Weyuker’s nine 

properties have been widely used for identifying the effectiveness of a complexity 

measure. Sinha and de Weck (2013) have shown that the matrix energy is a suitable 

measure of structural complexity by comparing it with other measures such as 

graph diameter, degree of non-planarity, path length, and nesting depth. They also 

have validated that the increase in matrix energy has a linear relationship with the 

increase in development cost, and stated that this relationship is visible from the 

global perspective of the entire structure. Figure 4.9 shows the nature of topological 

complexity. The more centralized a network is, the lower the complexity value, and 

the more distributed, the high the complexity value. This interpretation can be 

applied to interface standardization. In terms of interface standardization, standard 
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interfaces give a centralized structure so it reduces integration effort, while not 

using standard interfaces makes a structure distributed so it increases complexity. 

This nature can justify the reason for using the topological complexity metric in 

that it describes the main idea of this study that integration effort is reduced by 

designing standard interfaces. 

This study adopts the concept of topological complexity to calculate the inte-

gration effort of a product family structure with standard interfaces. The original 

metric is based on the connections between generic-level elements, but this study 

needs to define a structure of combinations between variants. Thus, module variants 

are defined as nodes of a network. Standard interfaces are also regarded as inde-

pendent nodes. Figure 4.10 describes how a combination matrix is represented. The 

left of the figure is an adjacency matrix that represents combination relationships 

between module variants. When one standard interface is designed between module 

variants like the right of the figure, their direct connections are modified to connec-

tions with a standard interface, not directly connected with each other. If there is 

no standard interface between module variants, nonstandard interface nodes are 

added. Nonstandard interfaces do not require a standardization effort, but affects 

 

Figure 4.9: Network structure and topological complexity (Sinha and de Weck, 
2013) 
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an integration effort. Figure 4.11 shows an extended example of a combination 

matrix. Module variants, standard interfaces, and nonstandard interfaces are ar-

ranged in rows and columns. In the example, there are three nonstandard interfaces 

between module 1 and 2 because their variants have a one-to-one combination re-

lationship and there is no standard interface between them. The reason for adding 

these nodes is to reflect the trend of reducing topological complexity when a stand-

ard interface is added. 

A connection between elements is defined by a value of 0-1 scale instead of a 

binary value of the adjacency matrix. The value of a cell indicates how much de-

pendent a row element is on a column element. If a design activity of a module on 

a row is highly dependent on information from the other module on a column, the 

dependency value is close to one, but if a module on a row is independent of the 

other module on a column, the value is close to zero. For example, if a standard 

 

Figure 4.10: Transformation from adjacency matrix to combination matrix 
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interface is designed robust for accommodating design changes of connected mod-

ules without any change itself, the value of a cell becomes zero. The criteria of the 

dependency value are given on the upper right side of Figure 4.11. The dependency 

is directional, so it should be carefully filled in. 

 

Figure 4.11: Combination matrix 
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There are two assumptions in drawing up a combination matrix. The first as-

sumption is that the dependency value is obtained at the generic-level. This is based 

on the fact that it is difficult for engineers to experience detailed dependencies 

between module variants. Thus, the identical value is filled in for variants of the 

same module or interface. The second assumption is that if a standard interface is 

added between modules, the dependency between modules is passed through the 

interface. The dependency values between module variants become zero, and they 

are moved to the values between a standard interface and module variants. 

The matrix energy can be applied to any complex matrices as well as adjacency 

matrices (Nikiforov, 2006), so an integration effort of a combination structure of a 

product family is defined as the matrix energy of a combination matrix as below: 
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where n and m are the number of module variants and interfaces respectively, and 

σi is ith singular value of the matrix B. The integration effort, which is based on 

topological complexity, is closely related to the increase in development cost. Sinha 

and de Weck (2013) have been posited a linear relationship between structural 

complexity and development cost through previous empirical studies (Wertz and 

Larson, 1996; Van Wie et al., 2001). In addition, the integration effort metric ex-

plicitly reflects the role of standard interfaces. If a standard interface is added, the 

entire structure of a product family is changed to a more centralized one, leading 

to the reduction of design complexity. 

In summary, the addition of a standard interface results in the increase in stand-

ardization effort, while reducing integration effort. This trade-off gives a great chal-
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lenge for a company which has to carefully determine the number of standard in-

terfaces in the perspective of the entire combination structure. In the next section, 

a framework for designing variant-level interfaces is proposed to help companies 

faced with the design complexity challenge. 

 

4.4 Framework for Variant-level Interface Design 

This section proposes a framework for how a company applies the complexity met-

rics for designing a product family structure at the variant-level. The goal of the 

framework is to identify an appropriate structure of a product family that mini-

mizes both the standardization effort and the integration effort. The framework 

consists of four steps, and the contents are described in Figure 4.12. The framework 

begins with investigating module combinations, then creates candidates of standard 

interfaces, generates possible structures of a product family, and finally identifies 

an optimal structure by calculating the complexities of all alternative structures. 

In the first step, combination relationships between module variants are inves-

tigated based on a product variety plan. A product variety plan is a description of 

which module variants configure product variants. A combination relationship ex-

ists between two generic modules connecting with an interface, and at the variant-

level, a relationship is applied to module variants that are combined to the same 

product variants. Combination relationships between all module variants can be 

represented by an adjacency matrix. 

The second step creates candidates of standard interfaces based on the combi-

nation relationships. Firstly, possible candidates are generated by clustering the 

relationships represented in the adjacency matrix, and then design feasibilities of 

the candidates are analyzed with module engineers by interviews or questionnaires. 
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Figure 4.12: Framework for determining interface design structure 
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Using the form in Figure 4.8, information on the types of ports for module variants, 

design feasibilities of the candidate interfaces, and design efforts is collected. Then, 

using the information on design efforts, a standardization effort function is obtained 

by conducting a linear regression. This study assumes that the function is linear, 

but note that different shapes of functions can be used depending on the types of 

design parameters. 

The third step combines the candidates of standard interfaces to construct the 

entire structure of a product family. Dependencies between modules are also ob-

tained through the interview to construct a combination matrix. This matrix exists 

for each alternative structure, and an integration effort of each structure is obtained 

by calculating the matrix energy. In this step, the number of possible structures 

increases exponentially as the number of interface candidates increases. If there are 

m candidates for each of n interfaces, there exists maximum (m+1)n possible struc-

tures. Thus, when the number of interfaces and their candidates are too large, it 

takes a lot of computation time to find an optimal solution. To solve this compu-

tation problem, metaheuristics such as a genetic algorithm can be introduced. This 

study, however, focuses on defining the interface design problem rather than sug-

gesting algorithms, so developing an algorithm is left as a future study. 

In the last step, complexity values of each alternative structure are plotted to a 

graph, and then an optimal structure is identified by comparing solutions on the 

efficient frontier. Selecting an appropriate structure of a product family depends on 

the importance of both complexities. The weight parameters are introduced to re-

flect the importance of complexities, and each complexity is normalized based on 

the maximum and minimum values among all alternative structures. The total 

complexity (C) of a product family structure is calculated as below: 
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where wS and wI are the weight parameters whose sum is one, CS,norm and CI,norm are 

the normalized complexities, and CS,max, CS,min, CI,max, and CI,min are the maximum 

and minimum values of each complexity among the values of all alternative struc-

tures. If standardization activities take much time, an alternative with less stand-

ardization effort will be selected, while if a lot of efforts are required for the inte-

gration of module variants, an alternative with less integration effort will be chosen. 

This decision should be carefully made because the lifecycle of a product family 

structure is long enough and hard to change once constructed. 

 

4.5 Case Study 

This section shows the process of deriving possible structures of a product family 

by applying the proposed framework (step 1–3) to a front chassis family, then ana-

lyzes and discusses optimal solutions and the importance of the candidates of stand-

ard interfaces. 

 

4.5.1 Application of the framework 

The case study begins with conducting the proposed framework to a front chassis 

family. The generic structure of a front chassis is shown in Figure 4.13, and it 

consists of nine modules and has nine functional interactions (interfaces) between 
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modules. This study covers three car models: Hyundai Sonata, Grandeur, and Kia 

Optima. Sonata and Optima are the same class sharing module variants (group 1), 

but Grandeur is composed of different variants (group 2). Thus, combination rela-

tionships are separated by two distinct networks. Combination relationships were 

obtained from a product variety plan in which a product variant is described by a 

combination of module variants. Figure B.1 in Appendix B represents the relation-

ships as the adjacency matrix. 

In the next step, possible candidates of standard interfaces were created by an 

interview from with experts. The car models of the case were designed by the same 

automobile platform with each interface having an identical port, which made it 

easy to create the candidates. Since the combinations of the case are divided into 

 

Figure 4.13: Generic structure of a front chassis 
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two groups, standard interfaces for each group can be possible candidates. In addi-

tion, it is possible to design a single integrated interface covering both groups. Table 

4.1 lists a total of 27 possible candidates of standard interfaces. Each of nine inter-

faces has three candidates for group 1, group 2, or both. Each interface has two 

options: whether to use two standard interfaces for group 1 and 2 separately or a 

single integrated interface for both. For the interface between a brake assembly (M1) 

Table 4.1: Candidates of standard interfaces 

Candidates 
Interface coverage 

Design 
effort Sonata-related 

variants (group 1) Grandeur-related 
(group 2) All 

(group 1&2) 

M1&2 
no    0 
1 O   75 
2  O  60 
3   O 162 

M2&4 1 O   50 
2  O  40 
3   O 108 

M2&5 1 O   50 
2  O  40 
3   O 108 

M2&7 1 O   50 
2  O  40 
3   O 108 

M2&9 1 O   75 
2  O  60 
3   O 162 

M3&5 1 O   125 
2  O  100 
3   O 270 

M5&6 1 O   50 
2  O  40 
3   O 108 

M5&7 1 O   100 
2  O  80 
3   O 216 

M8&9 1 O   75 
2  O  60 
3   O 162 
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and an axle assembly (M2), there is one more option that not using standard in-

terfaces. This is because combination relationships between two modules are one-

to-one type while others are n-to-m type. Thus, there are 3*28 possible solutions of 

a product family structure for the nine interfaces. 

Dependencies between modules and design efforts for each interface were also 

obtained from the interview with experts. Figure 4.14 shows the dependency values 

between modules. Note that the result is symmetric, but it does not have to be. A 

combination matrix that combines the dependency values and the adjacency matrix 

is shown in Figure B.2 in Appendix B. It shows a sample of a combination matrix. 

Candidates of standard interfaces were added to the rows and columns of the matrix. 

Design efforts for each interface were provided with accurate values based on the 

experiences of the experts as shown in Table 4.1. A design effort of an interface for 

group 2 is relatively low, since interfaces in Sonata are developed first and those in 

Grandeur are developed later by modifying Sonata’s interfaces. A design effort of 

the integrated interface definitely needs more person-hours than the sum of design 

efforts for group 1 and 2 interfaces due to more coordination. The ratio between an 

 

Figure 4.14: Dependencies between modules of a front chassis 
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effort of the integrated interface and the sum of design efforts for group 1 and 2 

interfaces is defined as α as below: 

 12 1 2( )g g g
ij ij ijC C Ca= +  (4.9)

where Cij
g1, Cij

g2, and Cij
g12 are the complexity (design efforts required) of an inter-

face for group 1, group 2, and both respectively. The value of α is more than one, 

and it is assumed a value of 1.2 in the analysis and relaxed later. 

This subsection prepared possible structures of a product family and standard-

ization effort of each candidate interface. The next subsection finds Pareto optimal 

solutions that simultaneously minimizes the two complexities defined in this study 

and conducts diverse analysis to validate the applicability of the interface design 

methodology. 

 

 

Figure 4.15: Complexity values of each candidate 
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4.5.2 Analysis and discussion 

Firstly, complexity values of each candidate structure are calculated in order to 

identify optimal solutions. Each candidate is plotted on the graph in Figure 4.15. 

The objective of this analysis is to simultaneously minimize both complexities (com-

plexity values were normalized for further analysis), so Pareto optimal solutions 

can be identified on the line in the graph. The solutions and their complexity values 

are summarized in Table 4.2. Each solution consists of alternatives that do not have 

a standard interface, use a single integrated interface, or use multiple interfaces. 

One of the solutions is represented as a network in Figure 4.16 that has different 

number of standard interfaces between modules. 

The optimal solutions were analyzed by changing the weight parameter (wS) 

while a value of α is fixed at 1.2. Table 4.3 shows the range for each solution to be 

optimal. The result shows that an optimal solution tends to have more standard 

interfaces as the importance of standardization effort increases. For the interface 

between module 1 and 2, no standard interface was selected when the importance 

of standardization effort was high. Thus, it is necessary to consider an alternative 

 

Figure 4.16: Structure of an optimal solution 
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that uses multiple interfaces or does not use standard interfaces, when much effort 

is required for the integration. 

 In Table 4.2, for the interfaces M2-M7, M3–M5, M5–M6, and M5–M7, multiple 

interfaces were selected in most of the solutions (solution 2–4), and for the interface 

M8–M9, a single integrated interface was preferred (solution 1–3). This is because 

each interface has different aspects of combination relationships and degrees of de-

pendencies. Since the characteristics of interfaces are relative, the number of re-

quired interfaces can be identified after deriving optimal solutions as conducted in 

this case study. Consequently, a company needs to design an interface connection 

structure in considering the characteristics of each interface along with the overall 

Table 4.3: Optimal range of the solutions 

Optimal solution Criteria 
α = 1.20 

Solution 1 0 ≤ wS < 0.44 
Solution 2 0.44 ≤ wS < 0.55 
Solution 3 0.55 ≤ wS < 0.58 
Solution 4 0.58 ≤ wS ≤ 1 

 

Table 4.2: Pareto optimal solutions 

Solutions Standard interfaces Complexity 
M1–M2 M2–M4 M2–M5 M2–M7 M2–M9 M3–M5 M5–M6 M5–M7 M8–M9 CS,norm CI,norm 

1 single single single single single single single single single 1 0 
2 two single single two two two two two single 0.46 0.41 
3 no two two two single two two two single 0.15 0.80 
4 no two two two two two two two two 0 1 

single: use a single standard interface that covers all variants 
two: use two standard interfaces that covers Sonata-related and Grandeur-related variants respectively 
no: not use standard interfaces 
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conditions such as the relative importance of the complexities. This study will be 

helpful for identifying an optimal structure of a product family. 

Next, an experiment was conducted to identify the meaning of the dependency 

value that has 0-1 scale. First, an integration effort was calculated as the value of 

the dependency changes from zero to one. Figure 4.17 shows the result, which re-

flects the characteristic of the matrix energy by showing a linear relationship be-

tween the dependency value and the integration effort. If the dependency value is 

reduced to zero due to the introduction of a standard interface, no integration effort 

is required, and the effort increases linearly as the dependency value increases. 

Figure 4.18 shows the result of the integration effort as the dependency value of 

each interface is sequentially changed from one to zero with all other dependencies 

fixed at one. Each line shows the trend of decreased integration effort as the de-

pendency value of each interface is changed. It shows that the impact is different 

by interface. This is because each interface has a different structural impact in a 

 

Figure 4.17: Relationship between dependency value and integration effort 
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product family structure. Thus, it is possible to evaluate the impact of the activity 

to reduce the dependency of each interface. 

 Lastly, the study analyzed the standardization importance of each interface. 

This analysis was conducted only with a single standard interface for simplicity. 

The standardization importance was defined as the impact of a standard interface 

on the integration effort. It was calculated as the rate of increase in the integration 

effort when an interface is removed from a structure that uses all single standard 

interfaces. The rates are shown in Table 4.4. The result shows that interface M2–

M9 is the most important and M8–M9 is the second. Interface M2–M9 is an inter-

face between an axle assembly and a strut assembly, and it covers 83 different 

combinations between them. Thus, if it is not standardized, design complexity 

greatly increases because integration should be conducted for all combinations. 

Thus, this interface needs a more careful design than others. 

 

 

Figure 4.18: Impact of dependency value of each interface 
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4.6 Summary 

This study proposed a methodology of variant-level interface design that considers 

diverse combination relationships between module variants. The study has a con-

tribution in that it addressed the use of multiple standard interfaces in modular 

product family design. The structure of a product family is changed by the number 

of standard interfaces to be implemented, generating design complexity. A frame-

work is proposed to identify an optimal structure of a product family that mini-

mizes complexity induced by interface variety. This study defined two complexities 

resulting from the introduction of standard interfaces: standardization effort and 

integration effort. Standardization effort estimates a coordination effort to design 

a standard interface shared across module variants, and integration effort calculates 

an effort to integrate all design elements into product variants. Each complexity 

metric was introduced based on the concept of required person-hours and topolog-

ical complexity, respectively. In the case study, the framework was applied to a 

Table 4.4: Importance of standardization by interface 

Interface Importance 
M1–M2 0.25 
M2–M3 0.25 
M2–M4 0.63 
M2–M7 0.39 
M2–M9 2.13 
M3–M5 0.90 
M5–M6 0.42 
M5–M7 0.60 
M8–M9 1.43 
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front chassis family. The case study demonstrated the applicability of the proposed 

framework by deriving Pareto optimal solutions to simultaneously minimize the two 

complexities. 

There are also limitations and future works of the study. Firstly, the proposed 

complexity metrics should be proved their effectiveness. This study has justified its 

validity through the previous research. However, since the metrics are modified 

versions of the previous one, they should be compared to the existing complexity 

metrics. Another limitation of the research is the development of algorithms to find 

an optimal interface structure. The study used a full enumeration method because 

the scale of the case was small. However, the number of possible candidates expo-

nentially increases as the number of module and interface variants increases. In 

future works, some algorithms, especially metaheuristics, will be helpful to improve 

the applicability of the framework. Lastly, the complexity metrics should be com-

bined with other indices that measure module complexity because this study only 

focused on interface complexity that affects the structure of a product family. 
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Chapter 5 

 

Optimizing Product Variety 

for Balancing Market Share and Complexity Cost 

 

 

This chapter develops an optimization model for identifying an optimal product 

variety by balancing market share and complexity cost. Estimation models for mar-

ket share and complexity cost are also proposed. Firstly, section 5.2 shows evidence 

of the impact of variety on market share using the automotive industry data. Sec-

tion 5.3 describes the configuration planning phase based on the cross-domain re-

lationships. Section 5.4 begins with introducing the demand model and the com-

plexity cost model and then formulates the optimization model. In section 5.5, a 

case study is conducted through a front chassis family. Pareto optimal solutions 

and the optimal variety of the case are derived from the optimization model, and 

a sensitivity analysis is conducted to show the impacts of parameter values on an 

optimal number of product variety. Finally, the chapter is concluded in section 5.6. 

 

5.1 Introduction 

Finding an optimal variety is one of the most important challenges in product 

family design and variety management. Generally, variety design process is divided 

into three parts depending on the level of decision making: architecture design, 

configuration design, and instantiation design (Fujita, 2002). Architecture design 
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constructs a generic structure of a product family through architecting activities 

such as architecture selection and modularization. Configuration design determines 

the composition of a product variant by selecting appropriate elements such as 

attributes and modules. Lastly, instantiation design selects product family members 

to be released in a given set of product configurations. Among the three design 

phases, this study focuses on the latter two phases because most of the architectures 

of existing product families are already outlined and constructed, e.g., an automo-

bile family. In this sense, this study concentrates on deciding how to configure and 

select product variants rather than how to build a product family architecture. 

Finding an optimal variety is not only related to design domain but also market 

and production domain (H. ElMaraghy and Mahmoudi, 2009). Developing too 

much variety generates unsold products in market (Marti, 2007) and manufacturing 

complexity in production (MacDuffie et al., 1996). Figure 5.1 conceptually describes 

a relationship of product variety with market revenue and production cost. Wan 

 

Figure 5.1: Revenue and cost from variety 
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et al. (2012) showed that a marginal impact of product variety on revenue decreases 

with the increasing number of variety. The reasons for this phenomenon include 

customer confusion (Huffman and Kahn, 1998), cannibalization effect (Wan et al., 

2012), and price increments from the increased cost (Bayus and Putsis, 1999). In 

production domain, on the other hand, a high variety induces manufacturing com-

plexity, which leads to low efficiency of a production system (MacDuffie et al., 

1996). Many researchers, such as Mather (1988), figured out that production cost 

increases exponentially due to manufacturing complexity as shown in Figure 5.1. 

In this situation, if the relationship of product variety with both revenue and cost 

is considered, it can be arrived at a conclusion that there is an optimal variety at 

the point where the gap between revenue and cost is greatest (Roy et al., 2011). 

The goal of this study is to develop an optimization model that reflects the 

increasing tendencies of market share (concavity) and complexity cost (convexity) 

for fining an optimal variety. The model developed in this study differs from the 

previous models in that it simultaneously considers the impacts of variety on sales 

in market domain and complexity cost in production domain. Firstly, a demand 

model is formulated based on the nested logit model that shows the concavely 

increasing tendency of market share due to variety. While the multinomial logit 

model used in the marketing field cannot reflect the similarity of product variants 

in a product family, the nested logit model considers the similarity level of product 

variants (McFadden, 1978), so the model can reflect the concavely increasing ten-

dency of market share. Secondly, a complexity cost model is constructed using the 

zero-based costing approach. In the previous research (Thonemann and Brandeau, 

2000; Lechner et al., 2011; Fujita et al., 2013), the zero-based costing approach is 

generally used to measure complexity cost as the incremental cost generated by the 

addition of a variant. The complexity cost model proposed in this study follows the 
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incremental concept to contain the convexly increasing tendency of complexity cost 

regarding variety. 

The design process of a product family in this study is composed of two phases: 

configuration planning and variety optimization. The first phase generates a possi-

ble set of product candidates based on the cross-domain relationships among mar-

ket, design, and production elements. In the second phase, product family members 

are selected by the optimization model among a given set of product candidates. 

Although this two-phase problem can be solved at once through the one-step ap-

proach (Kwong et al., 2010), this study uses two-step approach because a company 

generally makes a decision on product variety in a situation where a basic outline 

of product configurations is given. For this reason, this study describes the sequen-

tial decision process consisting of the generation of product candidates and the 

selection of product family members to be released. 

 

5.2 Evidence of the impact of variety on market share 

Manufacturing companies provide a different number of variety to the marketplace 

depending on their differentiation strategy. The smartphone industry shows an ex-

ample of this phenomenon. Apple Inc. releases a relatively small number of product 

variants for its uniqueness, while Samsung Electronics launches a relatively large 

number of variants to satisfy diverse customer needs. At this point, it is necessary 

to think about whether simply increasing the number of variety is good to increase 

market share. 

A variety decision is also important in the automotive industry. Figure 5.2 

shows the average variety (model trims) and market share by each car brand. The 

two graphs show the mid-sized sedan segment in the Korean and European markets, 



 

 

95

respectively. The values were averaged based on the sales data for two years from 

2018 to 2019. The results are listed in ascending order of the number of variety. In 

the European market, the graph shows that the average market share tends to 

increase as the average number of variety grows. Of course, market share was af-

fected by many other reasons, but it can be interpreted that the effect of variety is 

also significant. In the Korean market, on the other hand, four domestic brands 

 

Figure 5.2: Average number of variety and market share of each brand in (a) the 
European market and (b) the Korean market 
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seem to have a similar amount of market share although they produce a different 

number of product variants. Chevrolet had 13.68% of market share with 3.17 num-

ber of product variants while Hyundai Motor Company occupied 18.42% of market 

share with 9.13 number of variants. Chevrolet had the highest market share per 

variant in the Korean market. 

Two different market trends in Figure 5.2 show that it is difficult to estimate 

market share only with variety. This is because several factors, such as brand im-

ages or model characteristics, can influence the preferences of customers. This study 

has attempted to reflect these considerations as the conjoint analysis and the sim-

ilarity level of product variants within a brand. In addition, since it is recognized 

that product configurations are also an important factor for the customers’ prefer-

ences, the optimization model is constructed based on module configurations of 

product variants rather than just the number of variety. 

 

5.3 Planning of Product Configurations 

Variety optimization at first needs to plan product configurations based on a prod-

uct family architecture. This section begins with defining a product family archi-

tecture and then describes the process of obtaining candidates of product configu-

rations prior to constructing the model. 

 

5.3.1 Product family architecture 

Product family design is a multi-domain problem that covers not only design but 

also market and production domain. A product family architecture is composed of 

elements in the three domains and their cross-domain relationships. In order to 
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define a product family architecture, the concept of the variation architecture pro-

posed in chapter 3 is introduced. Figure 5.3 describes an example of a product 

family architecture at the generic-level in which a product variant is related to 

elements in the market, design, and production domain. In the three domains, a 

product is represented as a set of attributes (drive type, engine type, and transmis-

sion type), a combination of modules (cross member, steering gear, and drive shaft), 

and a series of facilities (assembly line A and B, and supplier C and D), respectively. 

A product family architecture contains cross-domain relationships between ele-

ments in each domain, and product configurations are restricted by relationship 

types between cross-domain elements. Relationship types are described in subsec-

tion 3.2.1 with some examples. As shown in Figure 5.3, the drive type and the 

engine type attributes are related to both a cross member and a steering gear having 

an n-to-m relationship type. In this type, the number of module variants increases 

exponentially as the related attributes are differentiated by generating diverse at-

tribute levels. On the other hand, the transmission type attribute has a one-to-one 

 

Figure 5.3: Product family architecture 
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relationship with a drive shaft module, so the number of module variants increases 

linearly as the number of attribute levels increase. The one-to-one relationship type 

is more efficient at differentiating attributes than the n-to-m type is. In practice, 

however, most of the cases are the n-to-m relationship type. 

There are also several relationship types between modules and facilities. In Fig-

ure 5.3, a cross member module is assigned to assembly line A. This one-to-one (or 

n-to-one) relationship type is advantageous for the production of diverse module 

variants, given that a facility has high capability to produce multiple module vari-

ants without loss of productivity, i.e., flexibility. In practice, a manufacturing com-

pany contracts with a mega supplier through horizontal integration to have those 

one-to-one or n-to-one relationship types (MacDuffie, 2013). On the other hand, if 

a facility has low capability to produce multiple module variants, a company needs 

multiple suppliers for a module such as a drive shaft in the example. In this one-

to-m (or n-to-m) relationship type, a company should work with several small sup-

pliers to improve compatibility and assemblability between module variants pro-

duced by different suppliers. Product variety is restricted by these complex rela-

tionship types between modules and facilities. 

After establishing a product family architecture by defining elements in each 

domain and their relationships, candidates of product configurations can be created 

under the architecture. This process is described in the next subsection. 

 

5.3.2 Product configuration 

The variety optimization problem uses a product family architecture to prepare 

candidates for product variants. A product variant is defined as a configuration of 

attributes, modules, and facilities. A product configuration is described as follows: 
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 [ ], ,P As Ms Rs=  (5.1)

where As, Ms, and Rs are a set of attributes, modules, and production  processes, 

respectively. This definition includes all views of the market, design, and production 

domain for a product variant. Figure 5.4 is an example of a product configuration. 

A product configuration is realized by determining the variants of attributes, mod-

ules, and production processes, i.e., attribute levels, module variants, and produc-

tion processes. At the bottom of Figure 5.4, the realized product configuration i is 

represented as variants of elements. A company creates candidates of product var-

iants by the definition, but in most cases, there are many infeasible configurations 

due to marketing or technical constraints. 

Management rules described in section 3.2.2 are applied to reduce a combination 

space of product configurations. Management rules are constraints for combinabil-

ity between variants within and across the domains. There are four types of man-

agement rules described in section 3.2.2: configuration rules, commonality rules, 

allocation rules, and compatibility rules. Each rule is set among attribute levels, 

module variants, and production processes. An example of a configuration rule is 

 

Figure 5.4: Product configuration 
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that if an automobile uses a 2,400cc engine, it only comes with 17-inch wheels. A 

commonality rule is applied when a single module variant covers a wide range of 

attribute levels like a common module. After setting management rules, candidates 

of product configurations can be obtained, as shown in Table 5.1. Each candidate 

is configured by the variant-level elements, i.e., attribute levels, module variants, 

and process variants. 

This subsection described that candidates of product configurations are derived 

under a product family architecture and management rules. In the next subsection, 

the selection process is described by the variety optimization model using the out-

put of the configuration planning phase described in this subsection. 

 

5.4 Variety Optimization Model 

5.4.1 Demand model 

In this subsection, a demand model is constructed to estimate market share of 

product variants in a family using the nested logit model that was first introduced 

by Ben-Akiva (1973). In marketing research, the multinomial logit model is gener-

ally used to estimate market share based on customer choice behavior. However, 

Table 5.1: Candidates of product configurations 

Product con-
figurations Attribute levels Module variants Process variants 
Candidate 1 [( ,  , ), ( ,  , ), ( ,  ,  ,  ,  ,…,  , )] 
Candidate 2 [( ,  , ), ( ,  , ), ( ,  ,  ,  ,  , …,  , )] 
Candidate 3 [( ,  , ), ( ,  , ), ( ,  ,  ,  ,  , …,  , )] 
Candidate 4 [( ,  , ), ( ,  , ), ( ,  ,  ,  ,  , …,  , )] 

… … … … 
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the multinomial logit model tends to overestimate market share with the independ-

ence-of-irrelevant-alternatives (IIA) property—the ratio of the choice probabilities 

for two alternatives is independent regardless of the presence of any other alterna-

tives. The reason is that the IIA property ignores the similarity of product variants 

released by a company so that a group of similar product variants may take more 

market share, keeping the ratio of the choice probabilities (Kumar et al., 2009). 

The nested logit model, on the other hand, reflects the similarity of product 

variants in a group (nest), taking into account the practical decision process for the 

customer choice problem. The nested logit model illustrates a structure of the hi-

erarchical decision process described in Figure 5.5. The structure shows that a cus-

tomer first chooses a nest, which is a group of similar product variants, and then 

selects a variant in the nest. McFadden (1978) introduced the red-bus/blue-bus 

problem to explain the nest structure. According to his research, when a commuter 

faces a choice problem among a car, a red bus, and a blue bus, it is more reasonable 

that a commuter considers between a car and buses in advance and selects a color 

of a bus afterward. The nest structure is easily found in a real market. Østli et al. 

 

Figure 5.5: Structure of nested logit model 
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(2017) demonstrated that a nest structure is suitable for the car market because 

general customers tend to consider a car brand first and then choose a trim model. 

Under the nest structure, market share (equal to the choice probability) of prod-

uct variant i included in nest gj in market segment j is formulated by the conditional 

probability as below: 

 ( , ) ( ) ( | )ij j j jMS P i g P g P i g= = ´  (5.2)

where P(gj) is the probability of choosing nest gj and P(i| gj) is the probability of 

choosing variant i given the first selected nest gj. 

The choice probability is obtained by the utility which is defined as the attrac-

tiveness of a product variant represented by a set of attribute levels (Ben-Akiva 

and Leman, 1985). Jiao and Zhang (2005) adopted a utility function constructed 

by part-worth utilities of attribute levels in product family design. Part-worth util-

ities can be estimated by conjoint analysis (Green and Krieger, 1985) based on 

customers’ choice data. In conjoint analysis, a customer chooses a preferable prod-

uct profile among a set of profiles that randomly composed of attribute levels. Then, 

a part-worth utility of each attribute level is estimated by decomposing the prefer-

ence of a product profile into the preferences of attribute levels. This study uses 

aggregate sales data instead of choice data for estimating part-worth utilities. Fol-

lowing the utility function of Jiao and Zhang (2005), the utility function of variant 

i in nest gj is defined as: 

 
1 1

(1 ) (1 )
k

j j j j j j
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ig ig g ig jkl ikl g ig
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= + - = + -åå  (5.3)

where Vigj is the expected attractiveness of variant i in nest gj, βjkl is the part-worth 

utility of level l of attribute k in segment j, xikl is a binary variable indicating whether 

level l of attribute k is included in variant i, εigj is the choice error of customers and 
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it is assumed that independently and identically double exponentially distributed, 

and μgj is the scaling parameter of the error term. 

In a discrete choice model, a customer chooses a variant having the maximum 

utility value. In the nested logit model, the aggregate attractiveness of a nest is 

measured by the expectation of the maximum utility among variants in a nest as 

below: 

 [max ]
j j

j
g igi g

V E U
Î

=  (5.4)

For the double exponentially distributed error term, the attractiveness of nest gj is 

transformed into the following equation (Anderson and Palma, 1992): 

 (1 ) ln exp( / (1 ))
j j j j

j

g g ig g
i g

V Vm m
Î

= - -å  (5.5)

Based on the equation (5.3) and (5.5), the attractiveness of a variant and a nest, 

the choice probabilities in the equation (5.2) are stated by the logit model as below: 

 
''

exp( )
( )

exp( )
j

jj j

g
j

gg G

V
P g

V
Î

=
å

 (5.6)

 
''

exp( / (1 ))
( | )

exp( / (1 ))
j j

jjj

ig g
j

gi gi g

V
P i g

V

m

m
Î

-
=

-å
 (5.7)

where Gj is a set of all nests in market j, and the scaling parameter μgjÎ [0,1) 

represents the degree of similarity of variants in nest gj. The case μgj=0 means that 

all variants are equally distinguished as if each variant is in an individual nest. In 

this case, the formula reduces to the multinomial logit model. The other extreme 

case μgj→1 means that all variants in a nest become perfect substitutes each other, 

where the number of variants in a nest does not affect market share. 
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This study uses aggregate sales data to estimate part-worth utilities of attribute 

levels and similarity parameters. Berry (1994) proposed a technique in which the 

choice probabilities (5.6) and (5.7) constructed by the nested logit model are trans-

formed into a linear form to estimate the parameters. The technique obtains the 

estimates of a part-worth utility of each attribute level and a similarity parameter 

of each nest through a linear regression analysis. The estimates are used for the 

variety optimization to calculate market share for product variants configured by 

attribute levels. The demand model constructed in this subsection reflects the ten-

dency of concavely increasing revenue. The increasing tendency of market share will 

be analyzed in the case study. 

 

5.4.2 Complexity cost model 

This subsection formulates a cost model that estimates complexity cost induced by 

variety generated in the production domain. Since complexity cost is difficult to 

trace where it comes from, previous studies (Thonemann and Brandeau, 2000; 

Lechner et al., 2011; Fujita et al., 2013) have attempted to estimate the cost as the 

incremental cost associated with the increasing variety. Lechner et al. (2011) intro-

duced the zero-based costing approach in which an incremental cost and time are 

allocated to each additional variant compared to the case when the variant is not 

produced. Along with the previous studies, the complexity cost model is represented 

by a degree of change in a production system affected by an additional variant. 

Figure 5.6 shows the structure of variety impacts on cost and time. Variety basically 

influences production cost and process time. In the model, production cost is de-

fined as the additional investment cost in a production system, and process time is 

converted into the opportunity cost derived from loss of productivity. 
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One of the major parts of the complexity cost is the investment cost incurred 

when a variant is added. While the investment cost is traditionally regarded as a 

fixed cost, it should be calculated as a variable cost because it increases with the 

increasing variety (Thonemann and Brandeau, 2000). Fujita (2013) estimated an 

additional investment cost as a variable cost based on the design similarity between 

variants to be produced. In this study, the additional investment cost is calculated 

based on the process similarity between variants. The investment cost for the shared 

processes is defined as the process cost, and the cost for the non-shared facilities is 

termed the variant cost. Figure 5.7(a) describes the process cost shared by variants 

and the variant cost incurred by each variant. If a variant is produced in the facility, 

the relevant processes marked with an ‘O’ should be invested. If all variants are 

produced by the same processes, there will be no additional investment in the fa-

cility. On the other hand, the variant cost is imposed only on a particular variant 

such as inventory cost. Note that the variant cost generated in a module production 

facility is allocated to each module variant, and the cost incurred in a final assembly 

 

Figure 5.6: Structure of variety-induced complexity 
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line is assigned to each product variant. If the variant cost of each variant is equal, 

the cost increases linearly with the increasing variety. After all, the investment cost 

(IC) is represented as follows: 

 st st mn mn i i
s t m n i

IC c Z c Y cW= + +åå åå å  (5.8)

where Zst, Ymn, and Wi are binary variables indicating the existence of production 

process rst, module variant mmn, and product candidate i, respectively. Parameters 

cst, cmn, and ci represent the process cost, module variant cost, and product variant 

cost, respectively. 

The complexity cost also arises from the loss of productivity due to the incre-

mental process time (Fujimoto et al., 2003). The reasons are that variety reduces 

the learning effect in a facility and demands frequent setups to processes. The cost 

generated by lower productivity is considered as an opportunity cost because it is 

not counted up in a traditional costing system. As shown in Figure 5.7(b), the 

 

Figure 5.7: Complexity cost (a) investment cost and (b) opportunity cost 
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opportunity cost is estimated by a change in production volume compared to the 

possible production volume when a single variant is produced. The opportunity 

cost from the production volume change can be estimated by historical data or a 

predicted value from a production manager. The opportunity cost can be repre-

sented as a function of the number of variety. This study introduces a general 

function that reflects an increasing tendency of the opportunity cost as the increas-

ing variety. The opportunity cost (OC) function of facility s is as below: 

 ( ) ( 1) s
s s s s sOC f v v qf= = -  (5.9)

where ϕs is the cost difference between when vs=1 and vs=2, and θs describes an 

increasing tendency of the cost where vs ≥ 3. If θs equals to one, the cost linearly 

increases with the amount of loss of production volume, and if θs is larger than one, 

the function reflects that the cost increases convexly. This study calls θs as the 

flexibility parameter. 

The cost model’s parameter estimation requires historical data. Thonemann 

and Brandeau (2000) applied an estimation approach in which cost is allocated to 

activities and converted to variants. The approach’s key idea is to conduct a sensi-

tivity analysis investigating how complexity cost changes as a variant is added. 

Another useful approach is to establish an activity-based costing (ABC) system. J. 

Park and Simpson (2008) developed a framework for activity-based costing that 

activity costs are allocated to a variant in a product family through cost modular-

ization. Using these estimating and costing approaches introduced in this paragraph 

will be helpful to estimate the process cost and the variant cost. After conducting 

a sensitivity analysis, a regression analysis will help to identify fitted parameter 

values to reflect the tendency of the incremental opportunity cost. 
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5.4.3 Optimization model 

(1) Formulation 

This subsection formulates a combinatorial optimization model for selecting prod-

uct candidates to be released while balancing market share and complexity cost. 

Before formulating, this study prepared candidates of product configurations from 

the configuration planning phase described in section 5.3. Based on a product fam-

ily architecture and management rules, the following information about the config-

uration of candidate i is given to the optimization model: 

 
, , {0,1}   , , , , ,

            {0,1}   , ,
ikl imn ist

mns

x y z i k l m s t
m n sd

Î "

Î "
 (5.10)

xikl, yimn, and zist are binary variables indicating whether candidate i is configured by 

attribute level akl, module variant mmn, and production process rst respectively, and 

δmns represents the assignment relationship between module variant mmn and facility 

s. This variable is used in the optimization model for counting the number of mod-

ule variants produced in facility s. 

The optimization model consisting of the product configurations, the demand 

model, and the complexity cost model is formulated in Figure 5.8. The objective 

function is to maximize profit by calculating revenue and cost from the models. 

Revenue is obtained by multiplying market share with the market size and the price 

of each candidate. The price of a candidate is estimated by a regression analysis 

with the price data of the released products in the marketplace. Decision variable 

wij is a binary variable determining whether candidate i is released to market j or 

not. Other decision variables for calculating market share and complexity cost are 

also included. A set of constraints includes the equations in the demand and com-

plexity cost models and the equations to determine decision variables. 
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Figure 5.8: Optimization model 
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(2) Algorithm 

The goal of the optimization model is to find an optimal variety for practical sug-

gestions to a manufacturing company. Since product family design is traditionally 

regarded as a combinatorial optimization problem, many studies use evolutionary 

algorithms, such as MOGA, NSGA Ⅱ, and SPEA-2, to solve the problem. Among 

them, this study adopts NSGA Ⅱ (non-dominated sorting genetic algorithm) that 

has been verified to outperform other algorithms (Agarwal and Gupta, 2008). It 

has been used by D’Souza and Simpson (2003) and Kwong et al. (2010) to solve 

optimization problems in product family design. In this study, the algorithm is 

implemented by the Python module Platypus, which derives an optimal solution to 

the problem. 

 

5.5 Case Study 

5.5.1 Case description 

In this case study, the optimization model is applied to a front chassis family. A 

front chassis is a part of an automobile and forms a family to compose diverse 

product variants. Figure 5.9 shows a front chassis composed of nine modules, each 

of which performs its own function. The nine modules are related to twelve attrib-

utes having differentiated levels. The attributes are arranged in rows of the matrix 

in Figure 5.10, and this matrix represents relationships between attributes and 

modules. The relationships compose the n-to-m type rather than the one-to-one 

type. Thus, a lot of module variants are required to cover diverse combinations of 

attribute levels. In the production domain, each module is produced by each sup-

plier and assembled to a complete product in a front chassis assembly line. The 

relationships between modules and facilities are close to the one-to-one type. 
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The case study is conducted on two mid-sized sedan models in different brands, 

Hyundai Sonata and Kia Optima. They share the front chassis family but are con-

sidered in different brands. Target markets of both models are diverse in practice, 

but the two best-selling regions, the Korean and European markets, are analyzed 

 

Figure 5.9: Automobile front chassis 

 

Figure 5.10: Attribute–module relationship matrix 
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in the case study. Table 5.2 shows the description of the market segments. The 

European market is divided into three segments depending on the market-depend-

ent characteristics, which are the drive type, the weather type, and the regional 

characteristic (actually, this attribute is not differentiated in the covered markets). 

Each segment has a different market size. Hyundai and Kia have launched 17 model 

variants together to the Korean market, and only Kia has targeted the European 

market with 5, 10, and 2 model variants for each segment. The same number of 

front chassis variants has been used for all model variants in the Korean and Eu-

ropean markets, and a total of 88 variants of modules have been developed. This 

study focuses on internal combustion engine cars, including gasoline and diesel en-

gine cars, not hybrid and electric cars. 

 

5.5.2 Data source 

Market sales data was collected from auto.danawa.com (sales in the Korean market) 

and carsalesbase.com (sales in the European market), covering more than two years 

from January 2017 to February 2019. The data include market sales, specifications, 

and price by model variant (trim model). Information about competitive models 

was also obtained, such as SM5, SM6, Malibu, etc., in the Korean market, and 

Table 5.2: Market segment description 

Market  DT WT RC Size 
(year) 

No. 
variants L R T1 T2 T1 T2 

1 Korea 1     1 1   150,000 17 

2 Europe 1 1   1   1   125,000 5 

3 Europe 2 1     1 1   300,000 10 

4 Europe 3   1   1 1   75,000 2 
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Passat, Superb, Peugeot 508, Mondeo, Insignia, etc., in the European market. For 

production data, it was hard to access process data for security reasons, so produc-

tion processes were recreated from BOM (bill-of-materials) data of all modules. A 

BOM has a generic form by which all parts in module variants are listed, and each 

part is assigned to the used variant. Using this matrix-based format, production 

processes were approximately predicted, taking into account the processes of each 

variant. For example, if a part is shared across several variants in a BOM, the 

shared process was created. The process cost and the variant cost were generated 

numerically based on the BOM data. The costing system of each facility would be 

a good solution to update the cost data. 

 

5.5.3 Optimization setting 

Before solving the variety optimization problem, the configuration planning phase 

was processed to generate candidates of product configurations. Parameter estima-

tion for the demand model and complexity cost model was also conducted. 

Each candidate was created by the relationships between attributes and mod-

ules in Figure 5.10. To reduce the number of possible configurations, configuration 

rules between attribute levels were set based on the specifications of the existing 

trim models launched in the markets. For example, a 1600 cc turbo engine has been 

launched with wheels ranging from 15 to 17 inches, while a 2000 cc turbo engine 

has been applied to wheels ranging from 16 to 18 inches. Table 5.3 is a sample of 

all candidates of product configurations. A total of 96 candidates were generated, 

each of which represents a combination of attribute levels. A candidate was then 

represented by a configuration of module variants and production processes. All 

configurations were added as binary variables in the optimization model. 
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Then, parameter estimation was conducted to set the optimization model. The 

transformation technique suggested by Berry (1994) was used to estimate part-

worth utilities and similarity parameters. The technique transforms a logit function 

into a linear form and performs a linear regression to estimate the parameters using 

aggregate market sales data. Table 5.4 is the result of estimating similarity param-

eters of all brands in the markets. Part-worth utilities of attribute levels were also 

estimated by a linear regression, and some nonsignificant results were excluded from 

the study. For similarity parameters, most brands in the markets have values more 

than 0.8, which indicates that customers consider product variants in the same 

brand highly similar. For the parameters in the opportunity cost equation, the 

flexibility parameter θs was set to 2.0 to reflect the convexly increasing tendency. 

In the discussion section, the flexibility parameter value is analyzed by a sensitivity 

analysis to identify the impact of variety on the complexity cost. 

 

Table 5.3: Candidates of front chassis configurations 

Product 
candidates 

DT WT RC M BT ET TT MDPS ST SP DS 
L R T1 T2 T1 T2 S K S T1 T2 G1 G2 D1 D2 A6 A8 D7 M6 C R T1 L1 L2 L1 L2 L3 L4 

1 1   1 1  1  1 1        1  1  1 1  1    

2 1   1 1  1  1 1        1   1 1  1  1   

3 1   1 1  1  1 1        1   1 1  1   1  

4 1   1 1  1  1  1       1   1 1 1   1   

5 1   1 1  1  1  1       1   1 1  1   1  

6 1   1 1  1  1  1       1   1 1  1    1 

7 1   1 1  1  1   1    1    1  1 1  1    

8 1   1 1  1  1   1    1    1  1 1   1   

… … 

94  1  1 1   1 1      1    1 1  1 1  1    

95  1  1 1   1 1      1    1 1  1  1  1   

96  1  1 1   1 1      1    1 1  1  1   1  

 



 

 

115

5.5.4 Result 

Figure 5.11 shows the result of solving the optimization problem with the evolu-

tionary algorithm. The result shows solutions that maximize profit for each number 

of product variants. In the graph, profit is maximized when the number of variety 

is 12. One reason for the lower number of optimal variety is that the flexibility 

parameter θs was set to 2.0, which means facilities are not flexible so complexity 

cost increases exponentially. In this case, the productivity of a facility declines 

sharply as the number of variety increases. Another reason for the lower number of 

variety is that the similarity parameters have high values, which reduce the impact 

of the increasing variety on market share. The impacts of variety in different sce-

narios are analyzed in the next subsection by conducting a sensitivity analysis for 

the similarity and flexibility parameters. 

Table 5.4: Estimation of similarity parameters 

Market Brand Similarity value 

Korea 

Hyundai 0.860 
Kia 0.829 
Renaultsamsung 0.892 
Chevrolet 0.883 
BMW 0.827 
Mercedes-Benz 0.839 

Europe 

Kia 0.860 
Ford 0.873 
Mazda 0.853 
Opel 0.747 
Peugeot 0.864 
Renault 0.829 
Skoda 0.858 
Toyota 0.881 
Volkswagen 0.881  
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Next, the profits of the solutions were divided into market share and complexity 

cost to identify increasing tendencies of them. Figure 5.12 shows the result of plot-

ting each solution on a graph with two axes of market share and complexity cost. 

Pareto optimal solutions are represented as black dots, and dominated solutions 

are marked as grey dots. Market share grows fast between 11.5% and 14.0% without 

too much increase in complexity cost, and complexity cost increases rapidly after 

14.0% of market share. For the Pareto optimal solutions, market share and com-

plexity cost were analyzed separately to identify relationships with variety. In Fig-

ure 5.13, a circle on the upper curve is the one with the highest market share among 

various solutions for each number of variety, and a square on the lower curve is the 

solution that has the lowest complexity cost for each number of variety. The graph 

shows that the increasing trends of market share and complexity cost are 

 

Figure 5.11: Optimal variety 
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Figure 5.12: Market share and complexity cost of the solutions 

 

Figure 5.13: Trend lines of market share and complexity cost 
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similar to those in Figure 5.1, as described in section 5.1. It shows the evidence 

that an optimal variety exists at the point where the gap between revenue and 

complexity cost is greatest. 

 

5.5.5 Discussion 

When a company implements a variety strategy, it should consider the similarity 

level of product variants and the flexibility level of facilities. Firstly, a sensitivity 

analysis was conducted to discuss the impact of the company’s similarity level 

compared to the competitors’ levels. With the competitors’ similarity parameters 

fixed at 0.7, the company’s similarity parameter was adjusted from 0.5 to 0.9 with 

an interval of 0.1 to investigate the change in an optimal variety. In this analysis, 

the flexibility parameter θs was fixed at 1.0. Figure 5.14 shows three comparable 

results with values of 0.6, 0.7, and 0.8 for the similarity parameter. By changing 

the similarity parameter from 0.6 to 0.7 to 0.8, the optimal variety was reduced 

from 66 to 50 to 16, and the profit also decreased from 8,997 to 7,059 to 5,930 

million KRW, respectively. From the results, creating differentiated products has 

proved to be a great benefit to the profitability of a company. The positive effect 

of variety is much higher when a company offers highly differentiated product var-

iants rather than producing many similar product variants. 

Next, another sensitivity analysis was conducted to identify the impact of the 

increasing tendency of complexity cost by changing the flexibility parameter θs. The 

flexibility parameter was adjusted from 1.0 to 2.0 with an interval of 0.2, with the 

similarity parameter fixed at 0.5. Figure 5.15 represents the result of the three 

comparable values: 1.0, 1.4, and 1.8. As the parameter value was changed from 1.0 

to 1.4 to 1.8, the optimal variety decreased from 78 to 50 to 40. The profit was also 
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Figure 5.14: Impact of μj on optimal variety (θs=1.0) 

 

Figure 5.15: Impact of θs on optimal variety (μj=0.5) 
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reduced from 11,559 to 10,264 to 9,265 million KRW, respectively. The result has 

demonstrated that the flexibility—the ability of a facility to maintain productivity 

even if a large number of variants are produced—needs to be improved to reduce 

the negative effect of variety. Thus, when an automobile manufacturer wants to 

produce a wide range of product variants through multiple module variants, a mod-

ule production line should have the flexibility to produce multiple variants without 

losing productivity as in a final mixed-model assembly line. 

The above two experiments were then combined to identify an optimal variety 

by a combination of the two parameters. The result is summarized by a two-dimen-

sional table in Figure 5.16. Darker cells indicate higher variety values. As in the 

previous analysis, the result shows that the smaller the similarity and flexibility 

parameters are, the higher the optimal variety is. One noticeable point is that 

several cells have the same number of optimal variety. This indicates that the op-

timal variety is derived in the form of a step function rather than a linear function. 

This is because each product variant has a different impact on market share and 

 

Figure 5.16: Optimal variety with different values of μj and θ 



 

 

121

complexity cost. Some product variants are created with more additional module 

variants and production processes, while the rest of the variants can be configured 

by existing module variants and production processes without additional elements. 

Consequently, it can be said that variety management is not just a problem of 

finding an optimal variety, but a problem of configuring product variants. A man-

ufacturing company should focus on product configurations composed of attribute 

levels, module variants, and production processes rather than just the number of 

variety. 

In the period of the obtained data, most companies did not change their variety 

strategies. On the other hand, Hyundai Motor Company discontinued all diesel 

engine models with low market shares in the Korean market. The three diesel engine 

models were discontinued after November 2018. The change in market share is 

 

Figure 5.17: Number of variety and market share of Hyundai Motor Company in 
the Korean market 
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shown in Figure 5.17. It seems that market share was not significantly changed 

after discontinuing the models. Rather, it recorded a high market share in February 

2019. This supports the argument that configurations of product variants are more 

important than the number of variety of a product family. As discussed in this case 

study, which module variants to be configured to product variants is one of the 

most important decision variables in variety management, having significant im-

pacts on market share and complexity cost. 

 

5.6 Summary 

This study proposed a variety optimization model to find an optimal product vari-

ety, a balanced solution between market share and complexity cost in product fam-

ily design. The two-step approach was adopted by decomposing the optimization 

process into the configuration planning and the variety optimization phases. The 

key idea of this study was to reflect the increasing tendencies of market share (con-

cavity) and complexity cost (convexity) in the optimization model. A demand 

model was developed based on the nested logit model to consider the tendency of 

market share. A complexity cost model was constructed through the zero-based 

costing approach by which the incremental concept of complexity cost was reflected. 

Using the models, a combinatorial optimization model was formulated to identify 

an optimal variety concerning various situations. In the case study, the optimization 

model was applied to the case of a front chassis family. The case study analyzed 

how an optimal variety is changed by the similarity level of product variants and 

the flexibility level of facilities. The analysis proved that the model is useful for a 

manufacturing company to find an appropriate level of product variety and product 

configurations in various situations. 
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There are some limitations in implementing the optimization model. First, the 

model does not cover the time line of the product family development. Since most 

product families are developed sequentially by product, the optimization model 

should be extended to reflect dynamic decisions over a time frame. Second, the 

model needs to cover the architecture design phase. The study assumed that a 

product family architecture was given to focus on the configuration and instantia-

tion design phases. In practice, however, deciding a product architecture is so im-

portant that a company can implement an entirely different variety strategy. Thus, 

the architecture design in variety management is also an important area for future 

works. 

How to define complexity cost remains a challenge to overcome. This study 

focused on the incremental cost and time induced by variety. The complexity was 

regarded as the investment cost for production processes and the opportunity cost 

due to loss of productivity. However, there are many complexity sources to consider 

in variety management, such as the additional tests, design changes, supply chain 

capabilities, etc. Future works require an in-depth study of complexity sources 

throughout the entire lifecycle of a product family. In addition, the model assumed 

that the flexibility level of facilities could be estimated by historical data, but it 

may be difficult for a small supplier to define its flexibility level. Thus, a method 

to estimate the details of a facility should also be included in future works. Lastly, 

the case study was conducted by a part of an automobile, not the entire product. 

It has a limitation because market share and complexity cost can be more affected 

by other parts of a product. Thus, the study should extend the coverage of a case 

to the entire product. 
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Chapter 6 

 

Conclusion 

 

 

This chapter presents the contributions and limitations of the thesis. Section 6.1 

summarizes the contributions of the thesis, and section 6.2 describes the limitations 

and the directions for future research. 

 

6.1 Summary of Contributions 

This thesis proposed methodologies for variety management in modular product 

family design. The methodologies’ common contribution is that they approached 

the variety challenges from the cross-domain viewpoint and the variant-level view-

point. In those viewpoints, the study proposed three methodologies for overcoming 

each of the three variety challenges: to prevent unexpected variants, to reduce de-

sign complexity, and to balance market share and complexity cost. For the first 

challenge, an architecture-based approach was introduced to prevent unexpected 

variants. Secondly, an interface design methodology is proposed to reduce design 

complexity, and finally, an optimization model was constructed to find an optimal 

variety of a product family. 

The first contribution of the thesis is to introduce variation architecture (VA) 

in which cross-domain mapping and variant generation mechanisms are provided 

to manage variants in a product family systematically. The VA used a top-down 
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approach to explicitly plan variants of elements in the market, design, and produc-

tion domain. The VA consists of generic-level and variant-level plans and provides 

the variant generation mechanism based on the cross-domain relationships. A ge-

neric-level plan defines relationships between domain elements: attributes, modules, 

and facilities. A relationship type at the generic-level determines the number of 

variants required. At the variant-level, management rules are set to constrain a 

combination space of product configurations, thereby preventing unexpected vari-

ants. In the case study, the VA was applied to an automobile front chassis family 

to validate its applicability to industrial cases. The result showed that variants were 

significantly reduced compared to the company’s current situation by constructing 

a VA. 

The second contribution is to propose a variant-level interface design method-

ology that addresses multiple standard interfaces in modular product family design. 

Multiple interfaces change a product family structure, generating design complexity. 

This study defined two complexities induced by the introduction of standard inter-

faces: standardization effort and integration effort. Two complexity metrics were 

introduced based on the concepts of design efforts and topological complexity, re-

spectively. The metrics reflect the change of a design effort and an integration effort 

after introducing standard interfaces. Then, a framework was proposed to find a 

product family structure that minimizes complexities. The case study validated the 

practicality of the framework through the front chassis case. In the case study, 

Pareto optimal solutions of a product family structure were identified with different 

complexity values. 

The third contribution is to propose a variety optimization model that balances 

market share and complexity cost. The model reflected the increasing tendencies of 

market share (concavity) and complexity cost (convexity) as the number of variety 
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increases. The optimization model was formulated based on module configurations 

connected to market attributes and production processes. A demand model was 

constructed based on the nested logit model in which the similarity level of product 

variants is considered. A complexity cost model was developed by the zero-based 

costing approach in which complexity cost is calculated by the incremental cost. In 

the case study, the proposed model was applied to the front chassis family by con-

ducting sensitivity analysis. The result showed that an optimal variety is changed 

by a company’s situation described by the similarity of product variants and the 

flexibility level of facilities. 

 

6.2 Limitations and Future Research Directions 

This section describes the limitations of the thesis and suggests research directions 

that have not been dealt with in this study. Firstly, the integration model of the 

three methodologies is required to develop. The methodologies were developed to 

overcome each of the three variety challenges, but each methodology is progressed 

in the same viewpoint and contributes to each part of the development process of 

a product family. If the methodologies and their outputs interact with each other, 

manufacturing companies will be able to systematically develop and plan product 

variety in the development process. In future works, an integrated system is neces-

sary to improve the practicality and the applicability of the methodologies. This 

system will provide a framework for developing a product family by supporting the 

methodologies required in each development stage. 

Another direction of future works is to consider the entire lifecycle of a product 

family. While this thesis focused on planning and developing variety of a product 

family in the development process, the variety issues are not only related to the 
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development phase but also the entire lifecycle including use, service, and discon-

tinuation phases. Since the lifecycle of a product family is more than a decade 

depending on the product type, a company needs the ability to rapidly develop or 

modify its product variants to respond to the continuously changing environment. 

Change management for a product family could be one of the critical research areas 

for future works. The research in this area includes studies on how environmental 

changes affect variants in a product family or how a change is propagated to the 

entire product family. 

The last research direction is to achieve robust variety management that covers 

parameter-level decisions as well as the generic and variant-level decisions. This 

thesis focused on the level of architecture design, so the main interest was on the 

configuration of the overall structure of a product family. However, there is a high 

possibility to modify an architecture plan because it should reflect various design 

and production constraints when designing variants at the parameter-level. These 

changes of a product family architecture occur frequently in practice, making ar-

chitecture design difficult. Thus, future works need to study how to design and 

manage a robust product family architecture in consideration of diverse constraints 

described by design parameters. The study will achieve the total variety manage-

ment covering the generic, variant, and parameter-level viewpoints. 
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Appendix A 

 

Variant-level Plan of a Front Chassis Family 

 

 

This appendix is the result of the case study in chapter 3. The tables are a descrip-

tion of product variants applying commonality rules in variation architecture (VA). 

Table A.1 shows a list of front chassis variants configured by module variants. A 

front chassis variant is represented as a combination of module variants indicated 

by numbers. The table provides 50 sample variants out of 228 variants. Table A.2 

is the result of applying commonality rules to a brake assembly module. A matrix 

form is used to present configurations of each variant. A brake assembly module 

has ten variants and is composed of eleven submodules including parts. Each cell 

is marked by ‘O’ indicating whether a module variant is configured by a submodule 

variant. There are 60 submodule variants listed in the table since the table only 

shows left-side submodules of a brake assembly module. A total of 122 submodule 

variants are configured to the ten module variants, including both left and right-

side submodules. 
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Table A.1: Product variants described by module variants 

Product variants Brake assy. Axle assy. Lower arm Drive shaft Cross member Roll stopper Steering gear Stabilizer bar Strut assy. 
1 1  1 1 1 1 1 1 1 1 
2 1  1 1 1 1 1 1 1 2 
3 1  1 1 1 1 1 1 1 4 
4 1  1 1 1 1 1 1 1 5 
5 1  1 1 1 6 1 4 1 1 
6 1  1 1 1 6 1 4 1 2 
7 1  1 1 1 6 1 4 1 4 
8 1  1 1 1 6 1 4 1 5 
9 1  1 1 1 10 1 1 1 18 
10 1  1 1 1 10 1 1 1 20 
11 1  1 1 1 12 1 4 1 18 
12 1  1 1 1 12 1 4 1 20 
13 1  1 1 2 1 1 1 1 1 
14 1  1 1 2 1 1 1 1 4 
15 1  1 1 2 6 1 4 1 1 
16 1  1 1 2 6 1 4 1 4 
17 1  1 1 2 10 1 1 1 18 
18 1  1 1 2 10 1 1 1 20 
19 1  1 1 2 12 1 4 1 18 
20 1  1 1 2 12 1 4 1 20 
21 1  1 1 5 1 2 1 1 12 
22 1  1 1 5 1 2 1 1 15 
23 1  1 1 5 6 2 4 1 12 
24 1  1 1 5 6 2 4 1 15 
25 1  1 1 5 10 2 1 1 27 
26 1  1 1 5 10 2 1 1 30 
27 1  1 1 5 12 2 4 1 27 
28 1  1 1 5 12 2 4 1 30 
29 2 2 1 1 1 1 1 1 32 
30 2 2 1 1 10 1 1 1 19 
31 2 2 1 1 10 1 1 1 21 
32 2 2 1 1 12 1 4 1 19 
33 2 2 1 1 12 1 4 1 21 
34 2 2 1 2 1 1 1 1 32 
35 2 2 1 3 1 1 1 1 4 
36 2 2 1 4 1 1 1 1 4 
37 2 2 1 5 1 2 1 1 12 
38 2 2 1 5 1 2 1 1 15 
39 2 2 1 5 6 2 4 1 12 
40 2 2 1 5 6 2 4 1 15 
41 2 2 1 5 10 2 1 1 27 
42 2 2 1 5 10 2 1 1 30 
43 2 2 1 5 12 2 4 1 27 
44 2 2 1 5 12 2 4 1 30 
45 2 2 1 9 4 4 2 1 8 
46 2 2 1 10 2 5 1 1 32 
47 2 2 1 10 2 5 2 1 1 
48 2 2 1 10 11 5 1 1 18 
49 2 2 1 10 11 5 1 1 20 
50 2 2 2 1 10 1 1 1 18 
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Table A.2: Submodule variants of the brake assembly module 

Submodules Variants Brake assembly variants 
001 002 003 004 005 006 007 008 009 010 

1 Piston 
1 O . . . . . . . . . 
2 .  O O O O O . O . . 
3 . . . . . . O .  O O 

2 Seal-piston 1 O O O O O O O O . . 
2 . . . . . . . . O O 

3 Boot-piston 1 O O O O O O O O . . 
2 . . . . . . . . O O 

4 Outer pad 

1 O . . . . . . . . . 
2 . O O . . . . . . . 
3 . . . O . . . . . . 
4 . . . . O . . . . . 
5 . . . . . O . . . . 
6 . . . . . . O . . . 
7 . . . . . . . O . . 
8 . . . . . . . . O . . 
9 . . . . . . . . . O 

5 Inner pad 

1 O . . . . . . . . . 
2 .  O O . . . . . . . 
3 . . . O . . . . . . 
4 . . . . O . . . . . 
5 . . . . . O . . . . 
6 . . . . . . O . . . 
7 . . . . . . . O . . 
8 . . . . . . . . O . 
9 . . . . . . . . . O 

6 Shim 
1 O . . . . . . . . . 
2 .  O O O O O . . . . 
3 . . . . . . O . . . 
4 . . . . . . . O . . 
5 . . . . . . . . O .  
6 . . . . . . . . . O 

7 Cylinder 
1 O . . . . . . . . . 
2 .  O O O O O . . . . 
3 . . . . . . O . . . 
4 . . . . . . . O . . 
5 . . . . . . . . O .  
6 . . . . . . . . . O 

8 Carrier 
1 O . . . . . . . . . 
2 . O O O O O . . . . 
3 . . . . . . O . . . 
4 . . . . . . . O . . 
5 . . . . . . . . O . 
6 . . . . . . . . . O 

9 Spring pad 
1 O . . . O . . . . . 
2 . O . . . O . . . . 
3 . . O  O . .  O . . . 
4 . . . . . . . O . . 
5 . . . . . . . . O . 
6 . . . . . . . . .  O 

10 Boot guide rod 1 O O O O O O ..  O O  . 
2 . . . . . . O . . O 

11 Return spring pad 
1 O O O O O O O O . . 
2 . . . . . . . . O .. 
3 . . . . . . . . . O 
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Appendix B 

 

Adjacency and Combination Matrices of a Front 

Chassis Family 

 

 

This appendix shows the matrices derived from the case study in chapter 4. Figure 

B.1 represents an adjacency matrix that shows a combination relationship between 

module variants. If a cell has a value of ‘1’, there is a combination relationship 

between module variants on the row and column. The matrix is a sample containing 

module 1 to 5. Figure B.2 describes a combination matrix reflecting candidates of 

standard interfaces and dependencies between variants of modules and interfaces. 

The value in each cell means the degree of dependency between variants of modules 

and interfaces. The figure contains module 1 to 4 and a part of interface candidates. 
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Figure B.1: Adjacency matrix of the front chassis family (sample) 
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Figure B.2: Combination matrix of the front chassis family (sample) 
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국문초록 

 

 
글로벌 제조업체들은 다양한 제품을 출시하기 위해 모듈러 디자인 전략을 

제품개발에 적용해왔다. 모듈러 디자인 전략은 제품을 모듈 단위로 구분한 후, 

여러 종류의 모듈을 조합하여 새로운 제품을 만드는 전략이다. 모듈러 디자인은 

제조업체가 제품다양성을 달성할 수 있도록 하였지만, 제공하는 제품의 수가 

무수히 많아지면서 제품다양성으로 인한 안 좋은 영향들이 설계 영역뿐만 아니라, 

시장, 생산 영역에서 지속적으로 발생하고 있는 실정이다. 따라서, 본 논문에서는 

제품다양성의 안 좋은 영향을 줄일 수 있도록 이를 체계적으로 개발하고 

운영하는 다양성 관리(variety management) 방법론을 제안한다. 다양성 관리를 

성공적으로 수행하기 위해서는 교차영역 관점과 변종 수준 관점의 접근이 

필요하다. 교차영역 관점은 제품다양성이 영향을 미치는 시장, 설계, 생산 영역의 

요소들의 연결관계를 정립하는 메커니즘을 제공하며, 변종 수준 관점은 일반적인 

요소(elements) 수준에서 한 단계 내려가 다양성 관리에 실제 문제가 되는 각 

요소들의 변종들(variants)을 체계적으로 관리할 수 있도록 한다. 이 두 가지 

관점에서, 본 논문은 다양성 관리에서 중요하게 다루어야 할 세 가지 과제–예상치 

못한 변종의 발생 방지, 설계 복잡성 감축, 시장 점유율과 복잡성 비용 사이의 

균형 잡기–를 해결하기 위한 방법론을 제안한다. 

첫 번째 주제에서는, 아키텍처 기반의 접근법을 활용한 변종 관리 

아키텍처(VA, variation architecture)를 도입하여 예상치 못한 변종의 발생을 

방지하고자 한다. 개발 아키텍처는 모듈러 제품군을 개발할 때 사용하는 일종의 

참조 아키텍처로, 시장 속성, 설계 모듈, 생산 설비의 연결관계를 정의하는 
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교차영역 연결 메커니즘을 제공한다. 변종 관리 아키텍처에서는 일반 수준의 

계획과 변종 수준의 계획을 함께 세울 수 있다. 일반 수준에서는 요소 간 

연결관계의 종류를 정의하여 제품군의 다양성 수준을 결정하고, 변종 수준에서는 

변종들 간의 조합 규칙을 설정하여 불필요한 변종의 발생을 최소화한다. 또한, 본 

연구에서는 제조업체가 변종 관리 아키텍처를 활용할 수 있도록 아키텍처 구축 

프레임워크를 제안한다. 사례 연구에서는 자동차 프론트섀시 제품군을 통해 제품 

및 변종의 수를 상당히 줄일 수 있음을 보여 줌으로써 프레임워크의 실용성을 

검증한다. 

다음으로, 인터페이스 표준화 개념을 적용하여 변종들 간의 복잡한 관계로부터 

발생하는 설계 복잡성을 줄이는 연구를 수행한다. 본 연구에서 제안하는 

인터페이스 설계 방법론은 하나가 아닌 다수의 표준 인터페이스를 사용하도록 

허용한다. 모듈 변종들을 연결하기 위해 다수의 인터페이스를 도입하면, 

인터페이스의 수와 적용범위에 따라 모듈러 제품군의 전체 구조가 달라지고 설계 

복잡성 또한 다양한 양상으로 발생한다. 이를 측정하기 위해, 본 연구에서는 

인터페이스의 선택에 영향을 받는 두 가지 복잡성 지표를–인터페이스 표준화 

복잡성과 통합 복잡성을–정의한다. 인터페이스 표준화 복잡성은 표준 

인터페이스를 설계할 때, 모듈 변종 설계자 간의 조율에 필요한 맨아워(person-

hour)를 계산하고, 통합 복잡성은 각각의 모듈 변종과 인터페이스를 통합된 

제품으로 설계하는데 필요로 하는 노력의 양으로, 위상적 복잡성(topological com-

plexity) 지표를 기반으로 측정한다. 본 연구에서는 두 가지 복잡성을 최소화하는 

인터페이스 설계 대안을 찾기 위한 프레임워크를 제공한다. 사례 연구에서 이의 

적용성을 보여주기 위해 프론트섀시 제품군에 맞는 최적의 인터페이스 수와 

제품군 구조를 도출한다. 
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마지막 주제에서는, 시장 점유율과 복잡성 비용의 균형을 맞추는 최적 제품 

종수를 찾기 위한 최적화 모델을 개발한다. 최적화 모델은 제품을 구성하는 모듈 

변종을 기반으로 모델링되고, 제품 및 모듈 종수가 증가함에 따라 시장 점유율의 

증가분이 줄어들고, 반대로 복잡성 비용의 증가분은 늘어나는 특성을 반영한다. 

시장 점유율을 구하기 위해 네스티드 로짓 모델(nested logit model)을 기반으로 

하는 수요 모델을 개발한다. 네스티드 로짓 모델에서는 동일 제품군 내 제품들의 

유사성을 고려하여 시장 점유율의 증가분이 줄어드는 특성을 반영한다. 다음으로, 

제로베이스 원가계산 접근법(zero-based costing approach)을 활용한 복잡성 비용 

모델을 도입한다. 이 접근법에서는 제품 혹은 모듈의 종수가 한 단위씩 늘어날 때 

발생하는 비용을 단계적으로 계산하는 방법을 사용한다. 마지막으로, 수요 모델과 

복잡성 비용 모델을 합친 최적화 모델(optimization model)을 모델링하여 최적 

제품 종수와 제품의 모듈 구성을 도출하는 연구를 수행한다. 사례 연구에서는 

민감도 분석을 수행하여 각 상황별 최적해가 어떻게 달라지는 지 보여주어 

연구에서 제안하는 모델들의 효과를 검증한다. 

 

주요어: 복잡성 관리, 모듈러 디자인, 제품군 아키텍처, 플랫폼 및 제품군 설계, 

제품다양성 최적화 
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