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Managing Modularity of Product Architectures:
Toward an Integrated Theory

Juliana Hsuan MikkolaMember, IEEEand Oliver Gassmann

Abstract—The management of innovation through modular In the broadest termanodularity is an approach for or-
pI‘OC.|UCt archltgcture ;trategles IS gaining increasing Importance ganizing complex products and processes efficiently [2] by
for firms, both in practice and theory. Modularity refers to a new decomposing complex tasks into simpler activities so they can

product development strategy in which interfaces shared among - . .
components in a given product architecture are specified and be managed independently. Modularity permits components to

standardized to allow for greater substitutability of components b€ produced separately and used interchangeably in different
across product families. It is argued that the degree of modularity product configurations without compromising system integrity
inherent in product architectures depends on the constituent [2] [15], [18]-[20]. It intentionally creates a high-degree
components and interfaces. This paper introduces a mathematical independence or a “loose coupling” [34] between component

model, termed the modularization function, for analyzing the desi by standardizi t interf ificati
degree of modularity in a given product architecture. It takes esigns Dy standardizing component intériace speciiications

into account the following variables: components; degree of [41]. Modularity is made possible by partitioning information

coupling; and substitutability of new-to-the-firm components. The into visible design rules and hidden design parameters [2], and
application of the modularization function is illustrated with two by standardizing interfaces to allow component variations to
elevator systems from Schindler—traction and hydraulic. The q g hstituted into product architectures [41]. The relationship

comparative analysis of the elevators captures the sensitivity and t d thei tive interf is at th
dynamics of product architecture modularity created by three among components an €ir respective Iinterfaces Is at the

types of components (standard, neutral, and unique) and two heart of product architectures. The degree of modularity is
types of interfaces (fundamental and optional). dependent on the extent of: 1) economies of substitution of

Index Terms—Components, degree of coupling, interfaces, mod- components acros§ PrOdUCt families_[19], [20]; 2),disa99re'

ularity, new product development (NPD), product architecture, 9ating and recombining the system into new configurations,
substitutability. or mixing-and-matching [19], [41], [43]; and 3) a system
achieving greater functionality through components being
specific to one another [43].

Similar systems produced by different companies undoubt-
NTERNATIONALIZATION of markets, deregulation, edly have different product architecture designs due to different
more demanding customers, and advances in informgesign and technology choices. This suggests that the composi-

tion and transportation technology have contributed to thien of components is idiosyncratic to a particular product archi-
complexity of managing new product development (NPDjecture design. A firm’s ability to develop and manufacture new
manufacturing activities, and supply chains [4], [15], [16]products (either customized or standardized) is largely contin-
[21], [22], [25], [36], [52]. More and more firms (e.g., ingent on both the firm’s NPD strategy and how its relationship
consumer electronics, automotive, and elevator industries) &righ suppliers and customers is nurtured over time. For instance,
facing difficulties in managing increasing product variety anglark and Fujimoto [7] found that Japanese cars used a higher
model mix [54]. A challenge for these firms is to find ways tgercentage of unique components than American cars did. This
replace products and occasionally, to expand product lines wiffiategy is reflected by the Japanese companies’ policy of sub-
innovative, high-quality models that minimize developmergontracting much of their component design function to com-
and production costs [10]. Many firms are pursuing modulg@onent suppliers, while maintaining enough flexibility in their
product architecture design strategies in order to shorten NEBsembly plants to support high levels of product variety.
lead time, to introduce multiple product models quickly with Variation in product configurations are rooted in product
new product variants at reduced costs, and to introduce mamghitectures, while the way in which components can be dis-
successive versions of the same product line with increasgghregated and recombined into new configurations (without
performance levels. losing functionality and performance) is based on the level
of modularization in product architectures. The constituent
components, which can be standard or new-to-the-firm (NTF),
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Component selection embedded in product architectures degree of coupling, and substitutability in which modularity
flects different strategic choices made by firms. In comput@tays a special strategic role for firms. We present a method-
workstations, Sun Microsystems emphasizes off-the-shelf pastegy that provides a measure of modularity aimed at helping
relative to its primary competitor, Apollo Computer [3]. Noteimanagement understand strategic and new product design im-
book computers, on the other hand, contain more product spéeations for product architecture designs.
cific components [47] than desktop computers, although bothMany studies on modularity are qualitative and exploratory
products perform essentially the same function, are producedrninnature (cf. [2], [5], [19], [25], [28], [37], and [41]). The
similar volumes, and employ similar component technologidésw quantitative studies typically apply optimization models
[55]. If a firm is to invest time and money to develop new comto address manufacturing issues (cf. [1], [12]-[14], [35], and
ponents for product architectures, what are some alternativg38]). Although these studies have contributed greatly to our
to increase the value of these components? To what extentuwhalerstanding of modularity, they offer limited insights into
choices of components and respective interfaces influence twav firms measure the degree of modularity embedded in
modularity of product architectures? How sensitive is produptoduct architectures. Nevertheless, Table | lists several studies
architecture modularity to changes in component compositiotifat focus on measuring modularity.

How can we systematically assess the complexities of modu-These studies support and complement our approach, specif-
larization induced by components and respective interfaces enally by extracting information from bill-of-materials (BOM)
bedded in architectural designs? to measure component standardization [8], [9], [49], examining

In order to provide a first step to address these questiotise variation in component sharing [17], designing product spe-
a mathematical model is derived for analyzing the degree @fic components [47], and estimating the impact of design alter-
product architecture modularity by taking into consideration thetives [50]. Our work seeks to integrate these approaches (in
following variables: number of components, degree of couplinggdition to key concepts mentioned in the qualitative studies)
and the substitutability of NTF components. The modularizatidsy helping to gain a better understanding of the effects of the
function is illustrated with two elevator systems from Schidlefollowing elements of product architectures on modularization:
Lifts, the second largest elevator corporation in the world. Tlemponents and respective interfaces; degree of coupling; and
remainder of the paper is organized as follows. The next sectisubstitutability (Table I1). We are unaware of previous studies
presents a theoretical foundation for modularity and product dnat combine these elements to assess the degree of modularity
chitecture through a comprehensive literature review. This iimproduct architectures. We take a first step to unifying the liter-
cludes a brief discussion on the effects of components, intature on product modularity by proposing a function that seeks
faces, degree of coupling, and substitutability of NTF compde integrate all these factors into a single measure representing
nents as key factors in product architecture modularity. Setbe level of modularity.
tion IV introduces a modularization function for describing the
level of modularization as a function of the key factors along IIl. PRODUCT ARCHITECTURE
with the assumptions made for formulating the function. Sec-
tion V applies the modularization function to two product ar-

chitectures of Schindler elevators: traction and hydraulic. T ents of a product into several physical building blocks, in-

paper concludes with a discussion on generalization and Iin"ﬂEJdIng the mapping from functional elements to physical com-

. o . A rPonents, and the specification of the interfaces among inter-
tations of the modularization function, managerial implications_. . ; . .
acting physical components. Its purpose is to define the basic

for the elevator industry, and suggestions for future reseamhphysical building blocks of the product in terms of both what
they do and how they interface with the rest of the device [46],

II. OVERVIEW [48]. Depending on the interdependencies shared between com-

Product configurations are rooted in product architecture deenents and respective interfaces, product architectures can vary
signs, which may be integral or modular. In assessing modiPm integral to modular.
larity of product architectures, issues regarding decomposabilityln integral product architectures, a one-to-one mapping
(i.e., modularization) as well as bundling of disparate compBetween functional elements and physical components of a
nents into a new innovation (i.e., integratiyrshould be taken product is nonexistent, and interfaces shared between the com-
into consideration. Firms need to understand the fundamerR@nents are coupled [46], or highly interdependent. Changes
relationships shared between components, respective interfate@ne component cannot be made without making changes to
and substitutability of newly developed components embedd@dier components. Integral architecture designs enhance knowl-
in product architectures. The literature review will reveal th&dg€ sharing and interactive learning as team members rely
there are few quantitative metrics available to measure modljt ach other's expertise. Integral architectures are designed
larity. In this paper, the aim is to take a first step in proposing'4ith maximum performance in mind, and the implementation
function which can be used to measure the level of modularity@§ functional elements may be distributed across multiple

a product architecture as a function of components, interfacBfySical elements [48]. For example, Apolio Computer of the
1980s was more integral than IBM PCs or Sun Microsystems.

Ipart integration is a common motive for integral product architectures [48Hligh performance was emphasized and the workstation was
[50], and refers to [47, p. 647]: “the combination of multiple parts into ongy signed with a proprietary architecture based on Apollo’s
contiguous part. [It] minimizes the use of material and space associated Wltﬁ .
component interfaces, and may improve geometric precision, but compromiQé’gn operating and network management systems. Much of the
the one-to-one mapping from functional elements to components.” hardware was designed in-house. Apollo’s designers believed

Product architecturds the arrangement of the functional el-
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TABLE |

LITERATURE ON MEASUREMENT OFMODULARITY

Authors

Purpose

Approach and Method

Ulrich & Pearson

(49]

Ulrich et al. [50]

Fisher et al. [17]

Ulrich & Ellison
[47]

Collier 8], [9]

« To measure the
manufacturing content - the
attributes of the design that
drive cost

« To estimate the impact of
different design alternatives
on the net economic benefit
of a product

» To examinc variation in
component sharing practice
and to identify factors that
can explain the variation

« To develop a theory to
explain when a firm can
benefit from designing
product-specific
components

« To measure the effect of
component standardization
on aggregate safety stock
levels and service levels

Product archeology - an
approach to gather
objective data for product
development research.
Case study: coffee makers

Economic model to
illustrate the relationships
among DFM, lead time,
and profits. Case study:
Polaroid camera

Mathematical model
(complemented with
optimization, simulation,
and regression analyses).
Case study: automotive
breaking systems

Regression analysis based
on survey on engineered,
assembled goods.
Validation: hypothesis
testing with a cross-
sectional analysis of 225
products

An analytical measure of
product structure termed
‘the degree of commonality
index’. Tested with

simulation experiment

that it was necessary for various parts of the design to be highiging two proprietary components was not enough to lock Sun’s
interdependent for achieving high levels of performance in tlstomers into its own proprietary operating system or network
final product [2]. protocols as they were easily copied and could not be patented
Contrary to integral product architectures, modular produf@]. Some tradeoffs between modular and integral designs are
architectures [28], [41], [48] are used as flexible platforms fdisted in Table IlI.
leveraging a large number of product variations [23], [26], [31],
[37], [39], [40]. These enable a firm to gain cost savings through  Components
economies of scale from component commonality, inventory A componenis defined as a physically distinct portion of the
and logistics, as well as to introduce technologically improvgatoduct that embodies a core design concept [6] and performs a
products more rapidly. Modular architectures enable firms well-defined function [24]. Product architecture defines the way
minimize the physical changes required to achieve a functionialwhich components interact with each other. There are many
change. Product variants often are achieved through modulays of categorizing components, depending on the purpose of
product architectures where changes in one component do tha study. Similar to Ulrich and Pearson [49], we also analyze
lead to changes in other components, and physical changesaagree of modularity through direct observations of the product
be more easily varied without adding tremendous complexigychitectures and their constituent parts. In our methodology,
to the manufacturing system. Unlike the Apollo Computer, Sysroduct architectures are disassembled into distinct components
Microsystems relied on a simplified, nonproprietary architeso that BOM (which is both firm and product specific) is gen-
ture built mainly with off-the-shelf hardware and software, inerated. The component attributes (i.e., total number of compo-
cluding the widely available UNIX system. Two proprietarynents, component description, and component unit costs) can be
modules were developed in-house to link the microprocessurserved from the BOM. We wish to use component informa-
efficiently to the workstation’s internal memory. However, onlyion that is present in BOMs because one purpose of our model
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TABLE I
ELEMENTS OF PRODUCT ARCHITECTURE

Elements of Product Managerial Implications
Architecture Modularity

Standard components « Economies of scale
. Cost savings
- Specialization
- Development of capabilities
- Standardized interface specifications

NTF components . Technological risk
« Product novelty
« Superior performance
- Limited imitation
« Long NPD lead time
« Non-standardized interface specifications

Degree of coupling - Synergistic specificity
- Identification of critical components
- Tightness of coupling among components

Substitutability « Economies of substitution
« Component sharing
« Product variety
» Upgradability

is to capture the implication of new-to-the-firm (NTF) compoto the firm for the first time, such as with modular innova-
nents (whether produced by the firm or by the supplier) for exions2 Since prior knowledge about how NTF components
isting product architectures. In our analysis, we find it usefuhteract with other components is limited, NTF components
to divide components into two categories: 1) standard and &g assumed to contain higher technological risks than stan-
NTF, depending on whether the firms have had prior knowtlard components. Interface compatibility issues with other
edge and application of these components in previous or éomponents within the product architecture have to be tested
isting product architectures. The selection of components @ad re-evaluated regularly, and sometimes this process can be
flects strategic choices made by firms. costly and time consuming. Often, the risks are well jus-

1) Standard ComponentsStandard components refertified by the technical superiority of these components, sig-
to components that have been used in previous or existingicantly improving the overall performance of the product
architectural designs by the firm (i.e., carried over compearchitecture. The use of NTF components is strategic in na-
nents) or components that are available from firm’s libranyire because the integration of NTF components into product
of components (i.e., qualified components). A subset afchitectures prevents imitation by the competitors, thus cre-
standard components is the commodity components, whigting competitive advantages for the firm, at least in the short
are often off-the-shelf or generic parts. These componemig. However, too many NTF components may delay product
have well-defined technical specifications that are generatigvelopment lead time and increase the technological com-
accepted as industry standards, as many suppliers produce th@sgty of the product architecture, as the system achieves
components. These parts are often listed in catalogues with Wéater functionality by the strong interdependence shared
prices varying accordingly with the volume purchased. Dugmong components, or high-synergistic specificity [43]. Ex-
to previous experience with standard components, possil@ples of NTF components in Schindler's traction elevators

interface compatibility issues with other components can Rgelude rope guiding, traction sheave, traction motor, traction

assessed quickly without incurring expensive testing cosfgakes, and brake role.

According to Ulrich and Ellison [47], some benefits for firms

to select an existing component include: 1) to minimize in- 2Modular innovations are innovations that change only the relationships

vestment—the reuse of existing components avoids signific&gfveen core design concepts of a technology without changing the
dditi li t ti duct d | t d toolina: oduct’s architecture [24]. It refers to the introduction of new component

a ||0n§1 Inves m_en In product deve opmgn and tooling; chnology inserted within an essentially unchanged product architecture

to exploit economies of scale from production volume; and &)).

to preserve organizational focus leading to specialization andin a study of multiproject management in the automobile industry,
the development of capabilities. Cusumano and Nobeoka [10] found that developing components new to
the firm requires extra time for concept generation, producing prototypes,
2) NTF ComponentsNTF components, on the other ha-”dand testing that companies can not do in parallel, hence, requiring both a

refer to product-specific components [47] that are introduceédghger lead time and more engineering hours.
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TABLE Il
TRADEOFFSBETWEEN MODULAR AND INTEGRAL PRODUCT ARCHITECTUREDESIGNS

Benefits of Modular Designs Benefits of Integral Designs
» Task specialization » Interactive learning
» Platform flexibility o High levels of performance through

proprietary technologies
¢ Increased number of product

variants « Systemic innovations
« Economies of scale in component e Superior access to information
commonality
» Protection of innovation from
« (Cost savings in inventory and imitation
logistics

« High entry barriers for component
o Lower life cycle costs through easy suppliers
maintenance
o Craftsmanship
« Shorter product life cycles through
incremental improvements such as
upgrade, add-ons and adaptations

» Flexibility in component reuse
o Independent product development
¢ Outsourcing

« System rehability due to high
production volume and experience

curve
Examples: Elevators, passenger cars, Examples: Formula One cars, Apollo
IBM PCs, Lego toys Computers, satellites

When faced with the tasks of developing a new componentcamponents (i.e., product-specific components) obtained from
firm can choose either to design and to manufacture it in-houtse BOM
or outsource these tasks to supplier(s). Similar to Ulrich and nNTE U
Ellison [47], we also do not address the questionwbib de- b= N - N 0<b<1
signs these components, rather, that a component is designed
by someone specifically for use in the firm’s product archite®¥here
tures. Designing NTF components allows firms to: 1) maxi- « ~ number of NTF components;
mize product performance with respect to holistic customer re-V  total number of components;

quirements, that is, requirements that arise in a complex way!Y ~ —w number of standard components.

from most of the components of a product; 2) minimize the Variableb allows us to represent the component composition
size and mass of a product—the desire for part integration Ghthe product archlt.ectu'férom a'perfect modular architecture
order to conserve mass and size gives rise to an integral architéc= 0) to a perfect integral architecture € 1).

ture which implies that components will have to be redesigned;

and 3) minimize the variable costs of production—variables ahe Interfaces

largely determined by component mass and size. Interfaces are linkages shared among components, and in-
Ulrich and Ellison [47] measure the degree to which conterface specifications define the protocol for the fundamental

pongnts are deS|gned for a SpeCIfI.C pI’OdUCt by .v.velghtlng the‘Cusumano and Nobeoka [11] also use the percentage of unique components
relative share of components designated specifically for thea key variable for assessing project scope. Unique components refer to com-

product carried over from a previous product and modifiggnents that a manufacturer designs from scratch in-house for a given model,
’ ’ s opposed to reusing components from other models or the immediate prede-

for the product by a supplier. Instead of assigning weights i@ssorofanew model. In our model, the varigidi®es not distinguish between
component categories, we calculate the percentage of Ndfque components that are developed in-house or by a supplier.
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interactions across all components comprising a technologicale. We estimate the degree of couplingds the ratio of the
system. Modularity intentionally creates a high degree of indeumber of interfacesk] per componentsf] in a subsystem of
pendence between component designs by standardizing conggiven product architecture. The empirical information on the
nent interface specification$41]. Furthermore, the formaliza- number of interfaces can be gathered from product architecture
tion and development of interface specifications has a tremesthematics where specific linkages among components are laid
dous impact on setting worldwide industry standards [27], [44)ut
The degree to which interfaces are standardized and specified
defines the compatibility between components. Standard com-6; =
ponents have well specified and standardized interfaces, hence
product architectures composed of standard components areFag-product architectures with multiple subsystems, the aggre-
sumed to be modular. Conversely, interface specifications, agate value of for these subsystem&,upsystem, €an be approx-
hence, interface compatibility issues of NTF components witlhated as the average of &}, that is
other components of a given product architecture are not well
understood. Consequently, the introduction of NTF components é s,
into product architectures hinders modularity freedom. Interface =
specification of NTF components is dependent on the amount of
technological innovation available in the market. For instance, I = number of subsystems.
if the NTF component is new to the industry, its interface spec-
ification is most likely to be ill specified. However, when the
NTF component is new only to the firm, its interface specificaP- Substitutability
tion is generally well defined within the industry, but not stan- Another crucial element of product architecture modularity
dardized within the firm. Only when the interface specificatiofs substitutability. Garud and Kumaraswamy [20] use the term
of NTF components becomes well specified and standardizeg@bstitution” to suggest that technological progress may be
withinthe firm does a NTF component becomes a standard cogghieved by substituting certain components of a technological
ponent. According to Ulrich [46], standardization arises whegystem while reusing others, hence, taking the advantages of
1) a component implements commonly useful functions and @tonomies of substitution. This has great implications for tech-
the interface to the component is identical across more than qfiffogical systems that are modularly upgradable. Economies of

total number of interfaces in subsystém 3_ k.
number of components in subsystem 7,

5subsystem = 6average = Vi

product. substitution [19] exist when the cost of designing a high-perfor-
mance system through the partial retention of existing compo-
C. Degree of Coupling nents is lower than designing the system afresh. While standard

The product performance is governed by many componé@mponents facilitate component reusability, NTF components
parameters that are related to one another in a complex, intgHrove the technological performancg of the upgraded_product
dependent fashion. Components are typically characterized@ghitecture. The challenge is to design product architectures
many design parameters, which may need to be refined aryyith a desirable combination of standard and NTF components
trarily in order to maximize overall product performance [47]{C 9ain from economies of substitution.

The way in which components are linked with one another cre-An aspect of substitutability is component sharing (i.e., using
ates a certain degree of coupling. A component that dependssfy Same version of a component across multiple products)
interfacing with many components for functionality imposes Which is a product-based strategy based on the premise that
high degree of coupling. For example, a microprocessor, whitémilies of similar products have similar components [17].
is a component in a motherboard, which is, in turn, a PC sugomponent sharing is viewed by firms as a way to offer high
system, would be considered a critical part based on the numbgkiety in the market place while retaining low variety in
of interfaces shared with other components. For a micropr§€ir operations. Component sharing of NTF components is
cessor to function properly, it has to interface directly with 8SPecially critical. As articulated by Fishet al. [17, p.299]:
number of components, ranging easily from 56 to over 200 ifB€cause each new and unique component must be designed
terfaces. Conversely, a capacitor would present a lower degél tested, component sharing can reduce the cost of product
of coupling than microprocessors. Typically, capacitors requif¢velopment. Each new and unique component generally
two interfaces for functionality, a cathode and an anode. also requires an investment in tooling or other fixed costs of

A product architecture with a high percentage of criticdtroduction. Therefore component sharing may also reduce the
components may not be easily decomposed. In Schilling’s [47 quired production investment associated with a new product.”
terms, product architectures with a high degree of coupliéﬁ'?e managerial challenge is how to provide the high degree
among the components exhibit high “synergistic specificity” & uniqueness that seems necessary for competitive success
the strong interdependence shared among components inhif§fidle retaining the scale economies required for low cost.
recombination, separability, and substitution of componenfsfms generally do not introduce radical product designs to the

This prevents the architecture from shifting into a more modulgtarket every time a new product is introduced. Incremental
product designs are observed more often. We would imagine
5Sanchez [40] furthermore classify seven different types of interfaces—at-
tachment, spatial, transfer, control and communication, environmental, ambienfThe analysis of data from BOM and schematic drawings is very similar to
and user interfaces. For interface discussions on software platform designs,\$leeh and Pearson’s product archeology approach [49], in which objective data
[29]. is gathered from actual physical products
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that a firm saves costs by using standard components in producthe modularization function assumes that the combined ef-
architecture designs, than if it were to use NTF componentsect of the variables varies exponentially with any set of NTF
If a firm is to invest the time and effort to incorporate NTFcomponents. Every time the component compostiisraltered
components into the product design, the value for using thgsech as with incremental innovations) the degree of modularity
components are often justified by their superior performancaso varies. In many cases, the introduction of NTF components
If cost savings and shorter NPD lead time are the performaneguires changes to other parts of the product architecture as
criteria, then the cost savings of incorporating NTF componentll, hence changing the values &f andé. If we simply as-
into incremental product designs can be justified by sharing thessed the degree of modularity based on the number of com-
same component design across product families. ponents (whether standard or NTF) and ignored the effects of
The impact of substitutability of NTF components in produdnterfaces (captured ifiands) we may overlook the impact of
architecture modularity is captured through the “substitutabiliipterfaces on product architecture modularity.
factor” [s], which is estimated as the number of product fami- |n deriving the modularization function, the following as-
lies made possible by the average number of interfaces of N§fmptions are made.

components required for functionalit
P Avrr] reg Y 1) The functional specifications of components, including

XL: PF. interface specifications, do not change over a period of

no. of product families ;=1 J time. This assumption allows the evaluation of the archi-

= fextr (avg) ™ tecture’s configuration and components composition in-
2 ke dependently from other subsystems.

N 2) The product architecture comprises a combination of

standard and NTF components. Since the competitors
can easily copy product architectures comprised entirely
of standard components, it is assumed that there should
be some amount of NTF components in the product
architecture.
NTF components impose higher technological risks and
greater interface compatibility issues with other compo-
nents within the product architecture. Therefore, the NTF
components composition in a product architecture should
vary inversely with the degree of modularity.
4) All standard components, NTF component, and interfaces
(i.e., electrical, logical, physical, etc.) are equally critical.

where

L number of product families;

K  total number of interfaces of NTF components.

For example, if an NTF component can be used in ten fami-
lies (or ten times the same component), and two interfaces must3
be shared for functionality, then the substitutability factor of )
the product architecture is five components per interface. The
greater the number of families that can use the NTF component,
the higher the substitutability factor, hence the higher degree of
product architecture modularity.

IV. M ODULARIZATION FUNCTION

A simple mathematical model, termed the modularization The modularization function captures the complexity of
function M (x), is derived to measure the degree of modulari roduct architecture designs that are often firm specific. It is
in a given product architecture as a function of the foIIowingne way of interpreting modularity of product architectures

variables: componentsV andu], degree of couplingd], and bjectively._ Although th.e informatiop requ_ired for the as-
substitutability factor §], as shown in (4.1). (refer to the Ap- sessment is often proprietary (especially with respect to NTF

pendix for the formulation and derivation of the modularizatiogomponems)' it is widely a\_/allable.wnhln the firm (i.e., in :
functiony atabases, BOMs, schematic drawings, etc.). Both academic

researchers and practitioners can gain valuable insights from

M(u) = o U’ /2Nsb (4.1) the modularization function. For researchers, simulations such

as sensitivity, optimization, tradeoff, and scenario analyses on

The sensitivity relationship of the modularization functiowlifferent product architectures can be performed. Two distinct
M (u) with respect to the NTF component compositian,is product architectures may have simildf(«) values, but it

expressed as follows: does not necessarily mean that they are equally modular. It

may mean that one product architecture is more tightly coupled

oM _ " M _ vt (4.2) than the other (highef), or has higher substitutability of NTF
h M du Nsb components (higheg), or simply having lower number of
where NTF components (smaller). The model enables researchers
M(u)  modularization function; to theoretically test causal linkages of the variables, as they
sM sensitivity function; shape the product architectures to become more modular (or
U number of NTF components; integral). For practitioners, the modularization function may
N total number of components; help managers to analyze various managerial and strategic
s substitutability factor; implications of architecture design decisions (Table II), which
) degree of coupling. are usually bounded to the firm’s vision, influenced by strategic

L . . ) managers’ knowledge and expertise about the technological
7The modularization function was originally derived to analyze product archi; | in the ind When fund | relati hi
tectures of Chrysler Jeeps windshield wipers controllers. For preliminary find€velopments in the industry. When fundamental relationships

ings, see [32]. between the variables are analyzed objectively, it can help
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managers to understand and foresee the impacts of sys#ermData Collection and Analysis

decomposition into simpler portions (or integration of stan- pata were collected at Schindler Lifts from 1997 to 2000,
dardized components into a new innovation) on the degrggiged into three phases. Phase la detailed analysis was

of modularity in next generation of product architectureg,rried out. The description and analysis of TR and HY ele-
Changes in product architecture designs call for differe(Lqrs were accomplished with an object modeling technique
strategies for managing production volume, manufacturingjeq unified modeling language (UML), originally developed
processes, amount of product variety, concurrent engineerigg, ¢,nnorting object-oriented software development. All com-
advertisement, etc. When the systematic analysis of prodiehents and respective interfaces of elevator architectures at dif-
archnecturgs can pe |Ilus:t.rat(.ed graphically, it enhqnces knovdient aggregate levels of analysis were mapped and recorded
edg_e shgrmg while facilitating consensus making between, 5 database using UML. IRhase 2the assessment of TR
engineering and management. It may also be used as a tool gy |y elevators was supplemented by several follow-up in-
ana!yzmg comp_etltors product architectures through revers&iews with elevator experts from R&D, system management,
engineering. Th|§ exercise then not only reveals the PPte” jtirchasing, and marketing. The main goal of these interdiscipli-
future technological innovation pursued by the competitors, it, .y, sessions was to learn about the impact of modularity on the
also reflects on their current product architecture strategies afidyator industry as a whole, and to verify that our assumptions
manufacturing capabilities. For the remainder of the paper, W& interpretation of the data are accurate. TheRhimse 3the
illustrate how the function is applied to two different producty,qyarization function [(4.1)] and sensitivity function [(4.2)]

architectures from Schindler elevators; namely traction pyllere applied for analyzing the degree of modularization in TR
and hydraulic transmission based elevators. and HY elevators.

V. ROLE OF MODULARITY IN THE ELEVATOR INDUSTRY B. Comparative Analysis of Traction and Hydraulic Elevators

Until the end of 1900s, elevators had been characterized aghe basis for the analysis of the HY and TR elevators is sup-
typical products within Utterback’s [51] framework of domi-ported by the product architecture data derived from the data-
nant design. According to the elevator experts from Schindlgsse using UML. To illustrate the modularization function, we
Lifts, over capacities and cost competition has dominated tgglected the transmission subsystems of both HY and TR eleva-
current market scerfe.The product architecture of elevatorsors for a comparative analysis. The elevator systems were ana-
has been stable over a long period due to regulations and r@jged at both the subsystem level (transmission) and the system
tively few innovations. The number of competitors has also drevel (elevator), as shown in Fig. 1.
creased dramatically during the last 15 years. Currently, a fempe then decomposed the product architecture into subunits,
large companies plus many small local companies shape thesglthat each one of the subunits can be assessed independently.
evator industry. Over 80% of the world market share belongang. 2 shows a partial product architecture of TR elevators.
seven global players. Modularity though standardized compphe classification of components intarfique” “ neutral” and
nentinterfaces has enabled smaller elevator companies to sougtgndard was defined by an interdisciplinary group of R&D,
from standard component manufacturers and, therefore, to bgirchasing, and market expertdJriique’ represents a NTF
efit from economies of scale notwithstanding their small markgbmponent. “Standard represents a component that is not
share. Since the 1990s, there has been a strong trend towadig to the firm. Depending on the application and customiza-
deregulation, similar to that which has been taking pIace Wlth)n requested by the customers, rebtral component can
the telecommunication industry. The induced innovation puglg considered either as a standard component or as a unique
has promoted radical new solutions with new product archite§omponent. The linkage (or interface) shared between the
tures such as “machineroomless” elevators, self-propelling cgtsmponents is characterized dsrfdamentdland “optional”
on self-supporting structures, and advanced traffic managemeyHile fundamental linkages exist for all elevator variants,
systems. optional linkages are only relevant for certain variants.

In our study, we concentrate on analyzing the traditional we sum the number of standard, neutral, and unique compo-
elevator architectures and related component innovatioRgnts to obtain the total number of componehts The next
accounting for over 90% of the market. Dominant elevat@tep is to assess the substitutability factor of the TR or HY
designs are: 1) the traction elevator (TR) with drive machingansmission product architectures, which is approximated by
ropes, and counterweight; and 2) the hydraulic elevator (H¥je number of elevator families divided by the average number
with a hydraulic jack. According to market analysts at Schindlgf interfaces shared by the NTF components comprising each
Lifts, the world market for Schindler designs is 40 000 units @fansmission subsystem.

HY elevators and 160 000 units of TR elevators per year, with |n Counting the number of components, the neutral compo-
anincreasing trend toward TR elevators. In general, the elevageits posed difficulties because these components are consid-
market is segmented into low-rise (less than 60000 unitgked unique components by some customized elevators but not
mid-rise (between 60000 and 200000 units), and high-rigghers. For instance, the deflection pulley is a neutral component
(greater than 220 000 units). that is linked to the machine frame with a fundamental linkage.
In some TR elevator applications, these components are unique

8The information presented in this section is based on interviews with various®lin order to be consistent with Schindler’s terminology for components,
experts from the elevator industry. unique components are similar to NTF components.
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elevator

control “jan.S— safeties car gm.de shaft diagnostic
mission rails
System level
Sub-system level
transmission
technologies:
1) (2)
TR HY

Fig. 1. Elevator and its subsystems.

components and/or standard components. The optional linkage
of deflection pulley to the rope guiding indicates this option. We,
therefore, analyze neutral components in two ways. In our first
analysis, all neutral components are counted as standard com-
ponents, and in the second analysis, all neutral components are
counted as uniqgue components. This assumption changes the
unigue component composition, hence, allowing us to see the
maximum impact of unique components on the modularity of
HY and TR elevators.

Since both HY and TR elevators have fundamental and op-
tional linkages as well as three classifications of components
(unique, neutral, and standard), the basic evaluation starts with?)
only components linked by fundamental interfaces. The max-
imum relationship shared among the components and respec-
tive linkages is achieved when the remaining components with
optional linkages are added to the product architecture. This
generates a different set of values of degree of couplirsgib-
stitutability factors, unique component compositiénand the
total number of component¥ in the analysis.

For the sake of illustrating the application of the modulariza-
tion function at the system level, other subsystems (i.e., control,
transmission, safeties, car, guide rails, shaft, and diagnostic) are
assumed to have the same degree of coupling VaI&,stem
as the transmission subsystem. Hentgusystem represents
the average value of all subsystems. However, a more robust
analysis of the modularity would include systematic analysis of
these subsystems. A range of modularity levels can exist for the
two elevators, withMs,ndamental(w) and M(u) representing
the basic and maximum modularity relationships, respectively.
A comparative analysis of HY and TR elevators is summarized
in Table IV.

The graphical interpretation of modularization functions for
HY and TR elevators are illustrated in Fig. 3.

Preliminary findings of product architecture modularity of 3)
HY and TR elevators include the following.

1) Both elevators are highly modular from the unique com-
ponent composition perspectivé/pgy(3) = 0.98 and

Mrr(6) = 0.87. These relative low values af indicate

that the basic product architectures of HY and TR eleva-
tors have components with standardized and well-speci-
fied interfaces, where cost saving advantages are gained.
Suppliers can be specialized in developing specific capa-
bilities for component development. This explains the de-
crease in the number of competitors and the emergence of
a strong and increasingly important component supplier
industry, which is similar to the computer industry (see
[15]). This partially explains why market entry barriers
for new elevator companies are relatively low.

When all linkages are taken into consideration, HY ele-
vators are slightly more modular than TR elevators due
to higher substitutability factors(= 1.2), lower unique
component compositiorb (= 7%), and lower degree of
coupling ¢ = 4.59). Although the three unique com-
ponents are shared by only two families (low-rise and
mid-rise), HY elevators have higher substitutability factor
which is attributed by the lower average number of inter-
faces of NTF component&frr(avg)ny = 1.67 com-
pared withkxrr(avg)rr = 5.00)]. The degree of cou-
pling of TR elevators{ = 5.01) indicates that the com-
ponents are more tightly coupled than HY elevatérs=(
4.59) exhibiting higher synergistic specificity. Graphi-
cally, the higher modularity of HY elevators are indi-
cated by the relative slopes of the modularity functions,
with Mrg (1) much steeper thai/py (u). According to
market experts at Schindler, HY elevators are considered
commodity products with little differentiation potential,
since these elevators are classified as low cost products.
Generally, the components suppliers of the HY elevator
tend to have more power than the suppliers of the TR el-
evator.

When neutral components are classified as unique com-
ponents, then TR elevators have more leverage in gaining
modularity from neutral components. For instance, the
transmission of TR elevator has six unique components
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Fig. 2. Partial product architecture of the TR.

and 19 neutral components (that is a total of 25 units).  are so modular that even when all the neutral components
When all the neutral components are treated as unique are treated as unique components, the worst degree of
components, then modularity value of TR elevators, modularity is 0.36 [forMuy —fundamental(#)] cOmpared
Mrgr(u), can range from 0.08 to 0.87, compared with to a value of 0.07 [fOM TR —fundamental (¢)]. This means

the value of HY elevators)M/yy (u), ranging from 0.47 that HY elevators have more leverage with the neutral
to 0.98. This suggests that there are more opportunities components in configuring the product architecture for
for TR elevators to become more modular. HY elevators  variation and customization than TR elevators. Put it
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TABLE IV 1.0 - 098
COMPARISON OFHY AND TR ELEVATORS

HY ELEVATORS

2 families (low-rise, mid-rise)
u = 3 components
Rpeurral = 16 cOmponents 0,36

|
M piy.fundamentar (U ) :

fundamental linkages all linkages
0,0
0 3 19 u 40
N = 37 components N =43 components
b=8% b=T7%
kNTF(an) =1.67 kNTF(an) =1.67
s = 1.2 components/interface s = 1.2 components/interface 10 1
&= 4.02 interfaces/component 6= 4.59 interfaces/component 087.
0,867
Mﬂm({nmmml(“) =0.98 M(M) =0.98
M(“)u +neutral = 0.36 M(u)u**n(*ulml =0.47

TR ELEVATORS
3 families (low-rise, mid-rise, high-rise) 07
u = 6 components o R - - Y
Mneutral = 19 components

0,08
0,07

Fig. 3. Modularization functions of HY and TR Elevators.

fundamental linkages all linkages
N = 38 components N = 42 components 5) While component modular@ty is cgptured by the neu-
h=16% b=14% tral components, the optional linkages capture in-
kyri(avg) = 4.67 knrr(avg) = 5.00 terface modularity. When all linkages (fundamental
s = 0.64 components/interface s = 0.60 components/interface lus optional Iinkages) are considered. HY eleva-
0= 4.83 interfaces/component 6= 15.01 interfaces/component p . . i . .
tors have considerably higher leverage for increasing
Mumtamental(tt) = 0.86 M(u)=0.87 degree of modularity than TR elevators. This is in-
M)y wneuat = 0.07 M()utnewrar = 0.08 dicated by the larger differences between the mod-
ularization functions M(u) and Msundamental (),

i that iS, WHY(U') - MHY—fundamental(u)] >
differently, although HY elevators are more modular, [Mrr(u) — MTR—fandamenta(2)]. The gap can be
TR elevators have more flexibility from the neutral interpreted as the difference between the most and the
components. _ least complex configurations possible for TR and HY

4) The modularity of both TR and HY elevators can be im-  gjevators. It captures the amount of product variety and
proved by increasing the substitutability factef.[This customization allowed by the product architecture. TR

can be accomplished by incorporating NTF components  gevators, for instance, have less freedom for creating
across more elevator families or by reducing the average  yariations and customization than HY elevators. One
number of interfaces of unique componeistr (avg). explanation may be because the product architecture of
For instance, suppose that “MR above” (a standard TR TR glevators is more mature than HY elevators’.
component) is replaced by a unique, better performing
component (call it MR2). Assuming that the other vari
ables remain constant, we would see a unit increase
u, hence lowering the degree of modularity. However,

The modularization function also allows us to plot the sensi-
tivity graphs for HY and TR elevators, as illustrated in Fig. 4.
THe sensitivity graphs reveal that TR elevators are more sensi-
. Ve to increases in the number of uniqgue component3his
MR2 can be used across other elevator families, then Cindicated by the steeper slopes of both HY elevator sensi-

overall degree of modularity is improved. Many innovaﬁvity functions, Stundamentat(M; w) and S(M;w), compared
tions in the elevator technology are leading toward comz v oo« I» alavatore’ T

ponent integration rather than decomposition, which also
reduce the total number of components and how they are
linked. Assume, for instance, that “MR above” is inte-
grated into “rope base plate.” The “new rope base plate” This analysis shows how degrees of modularization of HY
needs two interfaces for functionality instead of thregnd TR elevators are assessed with the modularization function.
which reduceénrr(avg), and the overall degree of cou-Although the analysis we have presented in this paper is limited
pling 6 while increasing the substitutability facter(if to transmission technologies, the systematic analysis and appli-
used across other elevator families). cation of the modularization function to other subsystems of HY

VI. DISCUSSION ANDMANAGERIAL IMPLICATIONS
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o 3 19 40 is also incorporating standardized technologies from other
industries, such as safety bus (from the automotive industry),
printers (from the computer industry), and drives (from the
machinery industry). These technologies have standardized
interfaces, which means that system compatibility problems
(e.g., linking electrical system to the building management
system, linking communication system to the security system)
are minimized. On the other hand, Schindler is also developing
unique, customizable components (i.e., remote monitoring
and diagnostics), which greatly influence the firm’s after sales
and service businesses, and can prevent competitors with low
overhead costs from pirating.

Furthermore, in industries characterized by a dominant
product design, strict interface management has to be applied
in order to benefit from economies of scale and outsourcing
potentials. These industries tend to change from proprietary
solutions to common standards. Similar trends can be observed
in the mobile telecommunication industry, where the global
players like Nokia, Ericsson, and Siemens cooperate in order
to set standards. Moreover, the classical tradeoff between
| optimizing manufacturing costs through integrated design
A I _ versus optimizing life-cycle costs through modular design will

shift toward the latter one. One enabler for this trend is the
transparency of life cycle costs: the reusability of modules
for product variants can lead to significantly lower life cycle
costs. Drivers of this trend are economies of scale and scope,
maintenance synergies (e.g., the benefits gained from modular
components used for preventive maintenance to maximize
passenger safety), and improved product quality. The modu-
Fig. 4. Sensitivity graphs of HY and TR Elevators. larization function is one way of capturing the complexities of
component innovations into a simple mathematical formula.
anPe model is not a prescription as to how firms should design

and TR elevators (i.e., control, safeties, car, guide rails, sh hi B ial ooli .
and diagnostics) would improve the robustness of the functic%rbquc'[.arc itectures, but it raises potential policy and strate_glc
Implications of performance, cost, and resource allocation

The appllca}tlop of modulanzatl_on funct'lon may.present mans oied to product architecture designs.
agement with ideas for strategic planning. For instance, there
are signs in the industry indicating that firms are leveraging the

TR opportunities for modularization. The market demand fdk. Generalization of the Model

TR elevators is increasing, partly because TR elevators are mors?he use of mathematical models involving differential

ecological efficient and have higher performance than HY ele- i h th qularization functi . licabl
vators, but also because its inherent modularnatureallowsfir@osua lons, such as the modularzation function, 1S applicable

0,0

-1,53
-2,02

S Hy-tung (M;u)

-8,0 4

S TR-fund (M;U) \

-14,00 4

to have more leverage in variation and customization throu N quantities that change continuously. In addition, functions
the selection of components at take on only discrete values can sometimes be treated as

According to Schindler experts, leading elevator firms (suctﬂ? ugh tdheiy havt(_a defnvattly es.art;d stat|sfy|_dgfe:entlall eguaﬂons.
as Schindler and Kone) are applying platform thinking t € modularization function IS best applied at analyzing com-

the management of their product architectufesSimilarly,
g P y Iqmputers, etc. In these complex systems, the number of

Schindler is also strict on cost oriented and variant reductigom onents is enormous. and there are continuous incremental
management of its TR platforms, which takes into consi¢>MP SIS rmous, INUOUS INcr

eration how components can leverage the opportunities %}anges to both the process and the system itself, affecting the
%caﬂponent composition of a predefined product architecture.

modularization. The leading elevator companies are developi thouah i he f o |
new drive technologies, such as linear motors with integrated”\though we applied the function in only one case study,

safety functions. This integration of technologies reduces tH fundamental characteristics of the Schindler Elevator case
number of components and alters the interface relationsh § not unique. Similar trgc-ieoffs between modular and m_tegral
with other components, hence changing the overall degree 6pduct architectures, arising from NTF components, exist for

coupling and substitutability of these new components acrdS@ny complex systems in other industries. In order to compete,
elevator families. At the same time, the elevator indust?ﬁcmomgy novelties are introduced continuously, often through
incremental innovations, such as add-ons and upgrades that are

10The platform management thinking at Schindler is adopted from the au\.kaased 9” present product arCh'teCtL_”eS' Decomposition of the
motive industry, mainly from Volkswagen. system into more manageable parts is one of the most attractive

plex systems such as automobiles, airplanes, mobile phones,
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ways to manage the complexity of product designs. The modectures, that is, we were able repeat the analysis and check for

larization function consolidates the complexities of product aaccuracy and interpretation of the empirical data. The applica-

chitecture variation and customization into a simple formuléipn of modularization function was illustrated with product ar-

allowing managers and researchers to compare, simulate, ahiectures of two dominant elevator systems: traction-pull and

predict the implications of technological development on fututgydraulic. The comparative analysis captured the sensitivity and

generations of product architectures. dynamics of these systems created by three types of components
One interesting extension of the model is to analyze the vdstandard, neutral, and unique) and two types of interfaces (fun-

ious tradeoffs imposed by product architecture design strategiesnental and optional).

(derived from each of the variables) with respect to NPD lead

time and costs. For instance, we can take a closer look at the APPENDIX

impact of NTF components when their development and man- MODULARIZATION FUNCTION FORMULATION

ufacturing tasks are outsourced instead of carried out in-house, . o .
: o ) . ...~ In developing our modularization function, we assume that
which would reflect a firm’s strategic choices resulting in dif-

. - ) there is a relationship between the degree of modularization
ferent lead time and cost alternatives. Many firms are experi-_ . : :

L . : ; . in a given product architecture (e.g., from perfect integral to
encing financial gains from outsourcing, as it holds down the

unit costs and investment needed to produce products rapiglerfect modular architectures) and the number of NTF com-

and it frees companies to direct scarce capital where they hgéhents (e.g.b = 0 representing no NTF components). For

i . iers is likenery change in component compositianor the number of
a competmve adyantage. C_ompetmon among supphers 1S “kel\}LrF components, we would expect a change in the degree of
o exist when a firm buys its components from multiple su modularization. The higher the number of NTF components, the

pliers. How a firm chooses to decompose its product architqg\—Ner the degree of modularization. In other words, we want

tures and how much novelty to introduce to the next genera- N .
. : Yy . . 9 @ degree of modularizatiol/ to decrease at a ratethat is
tion architectures have a critical role in supplier managemen f o :
- . ; . roportional to the amount of modularization present with each
policies. For instance, the number of competitors in the elevator . :
set of NTF components. If M is the amount of modulariza-

industry is decreasing while component suppliers are gaini[;]gn present in a given product architecture with any set of NTF

more bargaining power with the increasing state-of-the-art tec
" . . components, then as the number of NTF components vary, the

nology and process complexities embedded in their products. o :
amount of modularization will have changed by the amount of

The stronger sgpphers are also pushing glevator compary 1?/] = rM. In other words, for any unit change of NTF compo-
to use standardized components. Modularity management 0 . N
nts Au = 1), the corresponding amount of modularization

. S .. n
roduct architectures should not be conducted in isolation ? . . . .
P 9nangeAM is proportional to the initial level of modulariza-

manufacturlng strategy [33].' [5‘.1'] and organizational deS|gnt:|50n_ From this, it seems plausible that a similar relation should
especially regarding to multiproject management [10]. We aje ; T
: . - old for the decrease in any the amount of modularization in
aware that the benefits of economies of substitution depend on i )
. . : any set of NTF components; that is, the decrease of modular-

the production volume. For instance, it may not make sense fara’. : .
Ization should be proportional to the change in the number of

firm to maximize on economies of substitution when prOdUCtiOIQTF components as well as the initial level of modularization
volume is low. Component integration may be a better strategy

than component decomposition. In any case, product architec- AM — A AM
ture designs involve technological development of components, M = (=rM)Au or Au —rM.
which have to consider how development tasks should be allo-

cated (internally or to suppliers), how they are to be manufac—,The factorr is a Compound. factor that takes mt.o consider-
tured, and how suppliers are to be managed. ation the component compositidndegree of coupling, and

substitutability factor, and is expressed as the ratio of compo-
nent compositiord to the total degree of couplingin a given

product architecture, magnified by substitutability factor

In this paper, we have argued that the degree of modularity in-
herent in product architectures depends on the constituent com- r b _u/N

ponents and interfaces. Modularity is enhanced when interfaces T s 86

shared among components in a given product architecture argg argued, a high aggregate valuedoindicates a product
specified and standardized to allow for greater substitutabilify-nhitecture that has a set of components that are tightly cou-
of components across product families. We have explained gy, hence, limiting the degree of modularization. The substi-
architectural design decisions—which can range from modufggapility factors, on the other hand, enhances product architec-
to integral—consider various tradeoffs. In order to capture thgre modularity as it measures the sharing of NTF components
complexities of modularization, we proposed the modularizgeross product families. We can think f as the cumulative
tion function as a tool to integrate key elements of product gferface constraint effect of subsystems, across product fami-
c_h|tecture_ modularity into a smgle_measure_. The modularlzgés. The factor is simply the rate in which NTF components
tion function enabled the systematic analysis of product archire averaged out across this total interface constraint effect.

11A Similar trend is observed in the automotive industry. A study by the Uni- Thus
versity of Michigan, Ann Arbor, suggests that as much as 80% of the value added
of a car is being generated from the suppliers rather than by the assembler due AM = (—rM)Au — (

VIl. CONCLUSION

_u/N
80

to the transfer of direct task responsibilities to the suppliers [53].

>MAu.
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In differential equation form
dM U dM U
d - N M T TN

For any constant, the solutions to the differential equation [
are of the form

(17]

du [18]

19]

L [20]
M(u) = Mpe™ /2N b

Itis assumed that the amount of modularization is constrainegl]
by interface compatibility factors introduced by the NTF com-[22]
ponents in a given product architecture, thus the amount of mocfé?,]
ularizationM in a perfect modular product architecture is when
there are no NTF components £ 0), hence the initial condi-
tion of M (0) = M, = 1.0.

Consequently, the modularization function is represented ags;

[24]

M(u) = e /2N%%,
[26]
The sensitivity relationship of the modularization funtion
M (u) with respect to the number of NTF componentss
expressed as follows:

[27]

[28]
_u dM u?
"M du  Nsb§
The sensitivity function indicates the amount of decrease ingo]

modularity M (u) associated with an increase in the number of31
NTF components.. 311

SIW
u [29]
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