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A Standard Description of the Terms Module and
Modularity for Systems Engineering

Mahmoud Efatmaneshnik

Abstract—The terms module and modularity are not part of the
technical taxonomy in any of the systems engineering standards,
which do not regard a module as a part of the formal system break-
down structure. In this paper, we redefine the term module as a
unit composed of a set of components with a set of specific inter-
faces. This unit serves one or more purely nonfunctional goals,
such as flexibility, evolvability, manufacturability, testability, and
maintainability. According to this definition, a configuration item,
a subsystem, an assembly, a subassembly, or a component can all
be regarded as modules as they can serve nonfunctional goals. The
important assertion here is that a module’s boundaries do not nec-
essarily coincide with those dictated by the functional or spatial
system decomposition and hierarchy. The aim of this paper is to
lay the foundations for the future standardization of various en-
gineering design processes based on modularity for nonfunctional
benefits. A clear definition of the terms module and modularity
can assist systems designers and developers to optimize the value
of a modular system. This research highlights the present incon-
sistencies in the field of modular system design and puts forward
some critical questions, which will shape the future research into
this field.

Index Terms—Module, modularity, nonfunctional require-
ments, system engineering (SE), SE standards, SE process, system
ilities.

1. INTRODUCTION

ODULE and modularity are frequently used by devel-
Mopers and users of engineering systems during var-
ious lifecycle stages of the system. The terms are widely
used in the product engineering literature, often equated with
other terms such as “subsystem,” “component,” and ‘“sub-
assembly.” However, the terms “module” and “modularity”
are not standard systems engineering (SE) terms. The sys-
tem hierarchy description in the SE standards and hand-
books, including SE INCOSE handbook, IEEE 1220, ISO/IEC
15288, SEBOK (System Engineering Body of Knowledge) and
MIL-STD-499 do not refer to these terms at all. The SE-
VOCAB (Software and Systems Engineering Vocabulary—
https://pascal.computer.org/sev_display/search.action) returns
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the following definitions on a search on “module” as with a
particular note:

1) program unit that is discrete and identifiable with respect
to compiling, combining with other units, and loading;
logically separable part of a program;
set of source code files under version control that can be
manipulated together as one;

4) collection of both data and the routines that act on it.

The terms “module,” “component,” and “unit” are often used
interchangeably or defined to be subelements of one another in
different ways, depending upon the context. However, the rela-
tionship between these terms is not yet standardized. This paper
aims to provide ontological descriptions for these terms, which
will contribute to the establishment of standard SE procedures
that can be used for creating modular architectures.

Laying the foundations for standardization of various engi-
neering design procedures based on modularity will provide
a unified description across multidisciplinary and interdisci-
plinary fields such as manufacturing [1], assembly [2], [3], and
testing processes [4]. In practice, clear definition of the terms
module and modularity can assist systems designers and devel-
opers to maximize the value of a modular system design and
provide financial valuation for capital budgeting purposes.

The design and construction of systems according to the SE
approach is commonly performed using the top—down approach.
The definition of a system hierarchy according to the IEEE 1220
standard is shown in Fig. 1. A system is composed of products
that are, in turn, composed of subsystems, which consist of
assemblies and components. The components consist of sub-
assemblies, subcomponents, and parts. Following this standard
approach, the system’s required functions are decomposed and
derived from the system’s goals and objectives; and the system’s
hierarchy is a natural result of a one-to-one allocation of the set
of hierarchical requirements to the physical descriptions that
satisfy those requirements. In principle, a healthy set of require-
ments is modeled by a perfect tree-like graph, where there are
no links between its leaves.

Assignment of the functional requirements to the configura-
tion items creates a natural hierarchical-modular setting along
the functional boundaries. For example, the SE V model is
based on decomposition of the functional (or logical) descrip-
tions, assigning each of the functional requirements to a specific
configuration item, followed by the integration process that in-
cludes testing and validation. This process naturally creates a
modular system along the functional boundaries. However, the
boundaries of the modules in a system do not always need to fol-

2)
3)
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Fig. 1. System elements defined by functional boundaries (from IEEE 1220).

The system’s physical elements have one-to-one mapping to elements of func-
tional decomposition or logical description of the system.

low the logical and functional boundaries. Furthermore, in some
cases, a module’s boundaries that follow the logical and func-
tional boundaries may limit the system’s performance during
some of its lifecycle stages [5].

This paper is organized as follows. First, we look at com-
mon definitions of “module” and “modularity” in the product-
engineering literature and in natural hierarchies of systems. We
then summarize the outlined benefits of modularity and suggest
a definition for the term “module.” Following this defnition, we
show that the boundaries of a module are not necessarily the
boundaries defined by the functional units, namely, subsystems
and components. Next, we discuss the effect of interfaces on
modularity, and illustrate this with three standard products.

II. COMMON NOTIONS FOR THE TERM “MODULE”

The word “module” comes from the Latin word “modulus,”
which means a “unit.” Module as a term has found extensive
usage in the product design community, however, for subtly dif-
ferent notations. Here, we review the typical usages of “module,”
which essentially define modularity as an engineering concept.
We can categorize these definitions into two main groups of
architectural and structural definitions. The system architecture
is defined by the relationship between the functions and the
components at a certain level of the functional decomposition
hierarchy [6], or by the relationship between the models of logi-
cal and physical representations of systems [7]-[9]. The system
structure, on the other hand, is defined by the relationship be-
tween the components [10], [11]. Fig. 2 depicts the notion of
the architectural modularity: that is, the quality of having a one-
to-one relationship between functions and components.

There are various methods with different characteristics to
identify a system architecture. For instance, the functional struc-
ture heuristic methods are highly dependent on the designers’
comprehension of the product [6]. The Modular Function De-
ployment, presented in [12], leaves module interaction choice
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Fig. 2.  Architectural view of modularity.

to the designer, which is more management oriented [13]. In
contrast, structure identification approaches based on the design
structure matrix (DSM) are found to be more engineering ori-
ented, repeatable, and computationally verifiable [14]. This is
because the DSM is a common tool used to represent interac-
tions among components in a product or a system. According
to the specific application, the definition of the relationship be-
tween the components in the DSM is flexible. For instance,
the interactions can be defined by spatial configuration, infor-
mation, material, or energy exchange [15], as well as by their
affinity, which is more important for assembly purposes [16].
Gershenson et al. [17] provide a comprehensive literature re-
view on the use of the term “module” in engineering design.
However, little classification of these definitions is made, ex-
cept along specific domains such as software engineering, man-
ufacturing. This paper suggests that there is consensus in some
domains, but these definitions do not allow for the full benefits
of product modularity (to be reached). They define a module
as “a grouping of components that are similar in the life-cycle
processes they undergo, and independent from all components
outside of the module as they go through their lifecycle.” Al-
though we mostly agree with this definition, it is not precise
enough to be used as a basis for standardized use in SE. Exam-
ining the literature, we see that the notion of the module has been
used in variety of contexts with slightly different meanings.

A. Functional Unit Designed Independently

One of benefits of modularity is the ability to independently
design, redesign, and evolve modules [18]-[21]. The authors
in [18] emphasize that observance of the independence axiom
in the axiomatic design theory necessarily leads to uncoupled
functional requirements, which in turn facilitates the module
creation. According to [21], a module is a unit within a product
or a system that functions as an integrated whole but is designed
independently. Baldwin and Clark [20] mention that modules
are designed and produced independently. Modularity allows
both design and production tasks to be divided among groups
that can work independently and do not have to be part of the
same firm/organization. In [22], the success of the computer
industry is attributable to modularity, where a complex product
or process is built from smaller subsystems that can be designed
independently, yet function together as a whole.
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B. Functional Unit With Strong Distinguishable Boundaries

This notion is mostly used for easier creation of product
variants and product family platforms, by mixing and match-
ing functional modules. The authors in [6], [23], and [24] use
modules in this sense. Stone et al. [6] propose a function heuris-
tic to identify modules within a product, and equipping them
with standard interfaces. Huang and Kusiak [24] propose the
insertion of the functional flow information into an interaction
matrix, and then, clustering the matrix to identify the modules.
Ethiraj and Levinthal [19] find that module recombination (or
mixing and matching) plays a powerful role in the creation of
adaptive designs. For module selection to be a useful mecha-
nism of adaptation to new market demands, the modules need
to be relatively fixed and interchangeable between design orga-
nizations. The fitness of the candidate modules depends, among
other things, on the rigidness of their boundaries. Accordingly,
Baldwin and Clark [20] suggest that new module designs may
be easily substituted for old ones at a low cost to the system,
which suggests that modules are always distinct parts of a larger
system with strong distinguishable boundaries.

C. Functional Unit With Standardized Interfaces

Modular product architecture consists of modules, often clus-
ters of physical components or functional building blocks with
standardized interfaces [12], [25]. Borjesson and Holtta-Otto
[26] summarize that the standardized interfaces allow different
sizes or versions of a module to be interchanged, enabling a
timely response to the wide variety of demands from the con-
sumer market. Huang [27] believes that the aim of modularity is
to identify independent, standardized, or interchangeable units
to satisfy a variety of functions.

D. Physically Detachable Functional Unit

In [28], the aim of a modular design is to develop a product
architecture that consists of physically detachable units. The
benefit is that the designs of previous modules can be used
in a new module without any changes, or at least with minor
variations, due to standardization of the functions and inter-
faces. Schilling [29] gives several examples of modularity in
design, such as publishers who enable instructors to assemble
their own text books from book chapters, and home-appliance
manufacturers that offer their products in modular configura-
tions, e.g., some stoves offer customers removable burners and
plug-in barbecue grills and pancake griddles. The authors in [30]
and [31] provide detailed methodologies for identifying compo-
nents exposed to likely design changes, and modularization of
those components to minimize the change propagation effects,
thus limiting the redesign, remanufacture, and reimplementation
costs of the changes systems.

E. Physically Detachable Cluster of Components

In [32], product modules are defined as subsystems within a
product that are bundled as a unit, and serve identifiable func-
tions. In addition, this paper denotes the difference between
product modules and portfolio modules. The former refers to
the pair comprising the subsystem and the functions; the latter

are product modules that are used in multiple products. This
kind of definition leaves much freedom in determining how a
product family should be constructed. However, this is typical in
large firms that can fully control the definition of a component
cluster such as Volkswagen, which consists of several brands
such as VW, Audi, Skoda, and Seat. Similarly [33] and [34]
describe modules as products within a larger product.

E Assembly as a Cluster of Components

In [35], the focus is on the aspect of product assembly and
defines the module as product components that are assembled
using a specific design architecture. Accordingly, a case study
using an automobile body-in-white process is used to demon-
strate the proposed modular architecting technique.

Following the aforementioned definitions, a few questions
remain.

1) Does anything that is well encapsulated and isolated con-

stitute a module?

2) Does anything with an interface constitute a module?

3) Does every module need an interface?

4) Isitnecessary that this interface is standard (unchanging)?

The answers to these question can provide more than just ter-
minological discussion. A standardization of the terms related
to modularity can contribute to the various technical design pro-
cedures, especially in complex systems. Moreover, in the SE,
a unit of functional architecture is either a component, a sub-
system, or a system; and a unit of components for assembly
is referred to as a subassembly or assembly. So, the question
is whether there is room for the standard use of modularity in
the SE. Standardization of the terms related to modularity is
becoming more beneficial as Industry 4.0 methodologies re-
place the traditional concepts and standards. A key feature in
Industry 4.0 is the modular structure of systems that consists of
cyber-physical elements. The modular structure must provide
interoperability, transparency, and decentralization of decisions
by creating intelligent networks of physical resources and com-
putational capabilities that are integrated and interconnected.
The challenge is to construct highly modular structures is mul-
tivendor interoperability of automation technology [36]. This
way, even complex systems become more flexible, allowing an
easy plug-and-play integration or replacement of entities. The
standard use of modularity can assist system engineers in the
configuration of such complex systems.

In the following section, we list the benefits of modularity
and note that all these benefits are nonfunctional.

III. MODULARITY BENEFITS

Decomposability is a fact of life; however, the ease of de-
composability varies from system to system. In some systems,
decomposability is natural, but in others, it might be very dif-
ficult to separate certain parts from the system. A module is
often associated with the “ease of separation” from the rest of
the system. However, questions may rise during the decompo-
sition process, such as: Why do we want to create an artificial
separation? At what cost?

Modularity creates a product platform that facilitates prod-
uct variety, customization, and rapid upgradability throughout
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the system’s lifecycle. Modularity generally makes it easier to
maintain and evolve the system. The benefits of modularity
are described extensively by [21] as the “power of modular-
ity.” However, modularity has limited capacity to adapt to the
system’s evolution, which we call “confined evolvability.” For
example, the benefits of modularity may not justify the required
intellectual capital if the rate of changes of the market require-
ments is very slow. Similarly, modularity may not justify itself
if the rate of change during the desired scope of the system’s
functionality in the target environmental context is too fast. In
such an environment, the technological landscape will change
too quickly. For example, consider portable memory storage
devices such as 5 1/4’ floppy drives, Zip drives, and miscel-
laneous hard drives, memory cards, and USB sticks. Each of
these devices uses a different technology, so investment in their
modularization might not lead to a return, or to incremental
performance improvement.

Although there is a broad consensus in the SE about the
definition and formats of functional requirements, the role of
nonfunctional requirements is rarely discussed [37]. Glinz [38]
discusses the definition, classification, and representation of
nonfunctional requirements in the software engineering domain,
and presents a list of 11 different definitions and references. The
definitions include “nonbehavioral aspects of a system” [39],
“overall attributes of the system” [40], requirements that are not
specifically concerned with the functionality of a system [41],
and a few more definitions. Here, we propose an additional as-
pect for nonfunctional requirements that are directly related to
the system’s modular architecture. Nonfunctional requirements
usually have utilities for a specific system lifecycle, or for spe-
cific stakeholders. For example, the provision of modules to
facilitate maintainability may be different from those designed
to facilitate testability. The benefits of modularity include the
following nonfunctional properties, also known as —ilities [33],
in the various life-cycle stages.

1) Modularity in design:

a) manageability of design process [42]-[44];
b) evolvability or technology push (version creation)
[20], [45];
¢) increased chance of innovativeness [46]—[48];
d) style creation, customization, and modifiability
(331, [49];
e) changeability [30], [31].
2) Modularity in production and development:
a) manufacturability [50]-[52];
b) assembility [53], [54];
¢) ease of production planning [55]-[57];
d) outsourcing [58]-[60];
e) quality control [61];
f) better supplier management [62]-[64];
g) testability, verifiability (better test and verification)
[65].
3) Modularity in operation:
a) reusability [66], [67];
b) flexibility [50], [68];
¢) serviceability and maintainability [69]-[71];
d) upgradability [20], [45].
4) Modularity in retirement:

IEEE TRANSACTIONS ON ENGINEERING MANAGEMENT

TABLE I
OUTLINES THE MAIN PARADIGMS OF SYSTEM OBJECT TAXONOMY

Object Main paradigm
Goal sharing
Loose coordination
Function sharing

Functional synchronization

System of systems

System Integration

Delivery of complex functionality

Simple function delivery
Subsystem Tight coordination

High level of integrality

Single function delivery
Component/part Finds value in system context
Module Delive;y of system attributes/non-

functional requirements

Delivery of a single system

Sub-module attribute/non-functional

requirement

a) recyclability [67], [72], [73];
b) disassembility [74].

Modularity and functional requirements may not have pos-
itive correlation [75], [76]. However, modularity is frequently
derived from nonfunctional requirements. Furthermore, modu-
larity may have adverse immediate effects on functionality as
it may involve handling of the functional structure for purposes
other than pure functional goals [76].

IV. PROPOSED DEFINITION FOR THE TERM “MODULE”

As shown, modularity often does not fit into the regular cate-
gorization of a system’s functional or physical hierarchy, which
shows a direct mapping of functional hierarchy and physical
hierarchy. Here, we propose to use the term “module” as a
preserved keyword indicating a segment of a system with a
distinct boundary that relates to a particular nonfunctional re-
quirement(s) of the system. Modularity should not be regarded
as a driver for functionality and vice versa. In fact, it is often
quite the opposite as modularity may have immediate negative
consequences on functionality. However, in the longer term, it
can, indirectly, improve functionality through facilitating non-
functional attributes (e.g., through facilitating adaptive designs).
Table I outlines the major differences between a module and
other systemic objects such as the system itself.

Let us define “system parts” as “system atoms” that are the
lowest possible decomposition that can be abstracted while still
relevant to the functional or performance requirements lists.
For example, a bicycle’s spokes are elements of the bicycle
because they have functional relevance to it, but the iron ore
that the spokes are made of is not an element of the bicycle.
The system’s attributes and its boundaries determine the level of
abstraction, as well as the limits across the physical and temporal
dimensions by which the system elements can be described. We
can now proceed to the formal definition of the term “module”
in a systems context as follows.

A module is a group of some of the system’s elements (com-
ponents, subsystems, etc.), with a physical or notional boundary,
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TABLE II table, “4” indicates a weak relationship, “++" indicates a mod-
COMPARISON BETWEEN THE PROEgZi]iEJféNITION AND DEFINITIONS IN THE erate relationship, and “+++,, indicates a strong relationship.
The score of each item in the table is determined based on the
Properties following three questions.
ggi(::iltl:on fulizr;n ol Boundary  Phsical  Notioral  Standard 1) Can the property be de'rived from t.h.e definition?
atilities detachability detachability interface 2) Does the property clarify the definition?

A functional 3) Does the property necessarily relate to the definition?
unit designed + + + Eans + The number of positive answers to these questions determines
fiﬁiiﬁii‘;ly the grade. For example, the definition of a module as “A func-
unit with strong . e . N . tional unit designed independently”” does not necessarily relate
distinguishable to some or any of the nonfunctional utilities, the nonfunctional
go;ffzrifjal utilities cannot be directly derived from the independent design
unit with n . . o e of the units, and independently designed units do not necessarily
standardized relate to the nonfunctional utilities (and therefore, the score of
glt;flf;‘:iizny this item is “+”). Similarly, independent design does not deter-
detachable =+ ++ ot + + mine clear boundaries of the system’s elements, and boundaries
functional unit do not necessarily clarify or be related to the design, again, re-
?efalgggfeny sulting in a score of “+.” On the other hand, the definition of a
cluster of o o o - o module as “a functional unit with strong distinguishable bound-
;%r:fl’;r’(‘)l;gt:ed aries” can determine many nonfunctional utilities (as well as
definition AR AR A AR + functional utilities), the nonfunctional utilities determine dis-

and is detachable, either physically or notionally from the sys-
tem that, by this detachability alone, has a nonfunctional utility
for a system lifecycle stage(s) or for a stakeholder(s)

This definition has the following fundamental elements.

1) Modules are groups of some system elements. This
means that a subsystem can be grouped with some com-
ponents from another subsystem to form a module.

2) Like the way the functional requirements are mapped
into the subsystems, the nonfunctional requirements can
be mapped into modules.

3) Modularity is the property of a system composed of
modules.

4) A module should not necessarily have a unique function
or some unique functions because the primary goal of
modularization is nonfunctional.

5) Having unique functionalities (again from certain per-
spectives) should not be regarded as a criterion for being
regarded as a module.

6) Subsystems and components only have functional pur-
poses attached to them.

7) An assembly/subassembly is a module from a manufac-
turing perspective or viewpoint.

8) Every subsystem is a module. However, a module may
or may not be a subsystem. In other words, the bound-
aries of the modules and subsystems are not necessarily
identical.

9) A module does not necessarily have a standard interface.
Having a standard interface should not be regarded as a
criterion for a unit to be regarded as a module.

If a stakeholder is a common stakeholder across many
systems, then the detachment mechanism might be en-
forced by a standard interface.

Table II draws comparison between the proposed definition
and the definitions in the literature outlined in Section II. In this

10)

tinguishable boundaries and there are clear relations between
the distinguishable boundaries and the nonfunctional utilities,
resulting in a score of “++-+" in the table.

The proposed definition does not necessarily disagree with
any of the previous definitions but rather encompasses other
definitions of a module, thus emphasizing a wider utility for the
system design. Based on the definition for a module, the fol-
lowing definitions for modularity, modular, and modularization
ensue noting that each of these can 1) an attribute of a system,
or 2) an attribute of a unit within the system (e.g., a subsystem,
a component, a cluster of components, etc.).

1) Modular.

a) A modular system either has modules or has certain
qualities that ease or make possible the process of
modularization.

b) A modular unit is either a module or a unit within
the potential to be a module.

2) Modularity both a as a system and unit attribute is the

quality of being or the potential to become a modular.

3) Modularization for both system and unit is the process of

becoming modular.

The examples in Section V present in depth illustration of
these definitions.

A. Mathematical Representation and Clarification of Some
Issues

For completeness and clarity of the module definition, a
set of theoretical representation follows. These equations sup-
port the proposed differentiation of modules and subsystems
and also help to distinguish modularization and standardiza-
tion. They also help in better understanding of the architectural
and structural modularity. Consider system S = {Sp Sr, Sne}
composed of m distinct subsystems described in physical de-
scription (Sp). S also has a functional (Sp) description and a
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nonfunctional (Sxg) set of requirements

Sp={s1,59,...,50, }

SF = {flvaa"'?fnf}
Sxe = {71,720, Ty ) (1)
Such that
realizes
P ——OF
realizes
p — SN - )

The system S has n,, distinct subsystems (s;) and each sub-
system contains a number of physical components (e.g., me-
chanical, electrical, software components, and interfaces). The
subsystem i has n; components

S; = {Cl 02

79 Ciy e

L6t 3

such that for any 1 < i < n, we have

2alizes ) )
si = A fis fiar e iy boinsia, i € {1 nph (4

which means a set of main system functions are satis-
fied/delivered/realized by a subsystem. For representational
simplicity, one layer of functional decomposition is consid-
ered. When for all subsystems m = I, we say the system is
architecturally modular meaning there is one to one correspon-
dence between subsystems and main functional requirements
(as depicted in Fig. 2). Function sharing takes place [78] when
i, > 1 and we say the system is architecturally nonmodular. A
module M, on the other hand, is a set of components that satis-
fies/delivers/realizes at least one nonfunctional requirement

M = ud,
je{l...n;}andie{l...n,} Q)
such that
fully or partially realizes
————— Ry, Byr € Syr (6)

which reads module M satisfies a set of nonfunctional require-
ments Rnr as a subset of Systems S nonfunctional requirements
set Sns. We can also define a submodule as a subset of M that
fully or partially satisfy a single nonfunctional requirement ;.
This mathematical representation helps to clarify a couple of
issues. First, it cannot be ruled out that there might be a jiy,
component in the i, subsystem (c]) that also fully or partially
contributes to the fulfillment of the nonfunctional requirement
r;, In the particular context of software engineering (as a subset
of SE), this issue has been addressed extensively through the
notions and practices of aspect-oriented programing (AOP). In
AQP, aspects, which are roughly some combination of func-
tional and nonfunctional requirements, can be mapped directly
to pieces of the code, also known as modules. In this paper, the
definition of a module is focused on the module’s boundaries,
whereas in AOP, it is also a question of components (codes in
this case) that are created for the fulfillment of an aspect (that
can be of functional or nonfunctional nature). The second is-
sue is that some define the usage of standard components as
modularity. This means that components ¢! and cf are the same
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type of components or are exactly the same component (which
can happen in software where a piece of code is called/used by
different parts of the program).

Obviously, standardization and modularization are not the
same terms, but are often used synonymously in the product
design literature, for example, in [20], [24], [29], [50], [68], and
[78]. This is because standardization also reduces the cost of
implementing the system’s ~ilities, such as (product) version
creation or evolvability, and flexibility in use (e.g., through port-
ing). As a result, there is often a tendency to equate modularity
with standardized interfaces. For example, consider the popu-
lar Lego kits, which consist of building blocks (functional units)
with very toned standard interfaces. According to our definition,
the Lego blocks are not modules, and the ease of mixing and
matching that is associated with them does not necessarily come
from modularity. In this case, it comes from using standard in-
terfaces. A standard interface does not really create a module, as
it does not group components together. However, standardized
interfaces of modules do indeed reduce the costs associated with
evolvability, version creation, and the other benefits of modu-
larity. Standardization and modularity can, however, be used
together, and so we can say that

Standardization reduces the cost of modularization, and in-
creases the benefits of modularity.

The modules can be equipped with standard interfaces for
even greater evolvability, flexibility, testability, etc., at reduced
cost. In some situations, modularization and standardization are
performed simultaneously. For example, in Martin’s paper about
Design for Variety (DFV) [79], the goal of the team is to design
the product platform architecture so that as much of the design
as possible is standardized across generations. For the parts of
the design that cannot be standardized, the team will modularize
them. Two indices, the generational variety index and the cou-
pling index, are used to decide where to standardize and/or mod-
ularize. Sered [80] also focused on the use of DFV and proposed
a method called standardization and modularization driven by
the process effort, where the aforementioned indices are em-
ployed to decide which component to be made standard or mod-
ular, with the major goal of minimizing overall process effort.

V. EXAMPLES

In this section, we illustrate different views of modular sys-
tems using three standard products: a passenger vehicle, a home
food processor, and a small electronic eye security system. The
aim of these examples is to analyze the modularity in terms
of the proposed definitions. We evaluate the modular architec-
ture of each system in terms of 11 fundamental properties that
characterize the proposed definition, using a tabular format. The
properties are represented by a question, and the score that each
item in the table is assigned with characterizes the answer to
the question. The “+” indicates a weak or no relevancy of the
modular architecture to the property (value of 1), “4+" repre-
sents a medium (value of 2), and “4++4" represents a strong
relevancy of the modular architecture to the property (value of
3). We then sum up the scores of each property to determine the
most dominant modular properties of the analyzed product, and
we also sum up the score of all the properties for each modular
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Fig. 3.  Different modular views of a vehicle’s chassis.

architecture. As stated previously, the horizontal summation in-
dicates which are the principal properties in the product, while
the vertical summation indicates which architectures fit with
the proposed modular definition. The first two examples show
how modules have different characteristics, some bearing more
resemblance to a subsystem, and some having purely nonfunc-
tional properties. This essentially is a hint that modularity of a
unit is not a binary characteristic, rather it is a spectrum. The
third example shows that the question of modularity can be also
regarded as a characteristic of the system as a whole (again as a
spectrum), and at this level, modularity is an architectural issue,
rather than a purely structural problem.

A. Passenger Vehicle

We first consider a simplified decomposition of a vehicle
shown in Fig. 3(a). The figure shows an exploded view of the
major components that construct the vehicle. We chose this ex-
ample as modern vehicles are basically a mobile network of
mechanical, electrical, and electronic components. Examples of
functional subsystems in a typical vehicle are the powertrain,
braking, steering, suspension, cruise control, stability control,
climate control, lighting, entertainment, communications, navi-
gation, etc. Examples of nonfunctional requirement in a vehicle
may be manufacturability, assembility, reusability, maintainabil-
ity, etc.

The following figures illustrate how mobile modularization is
updated in the various stages of the vehicle’s lifecycle. Fig. 3(b)
shows a modular view of the assembly process (modules 1 and
2). The two modules consist of many components of different
subsystems with multiple functional characteristics, as well as
other modules. This modular structure is beneficial during the
assembly process, serving the nonfunctional requirement of ef-
ficient robotic assembility. Fig. 3(c) shows four modules (mod-
ules 3— 6) viewed during the maintenance stage. These modules
construct the front and back lighting modules (right and left),
and consist of both electrical (lights and wires) and mechanical
components (casing and covers). These modules are intercon-
nected with the electric control unit, and with the front and back
modules of the chassis (respectively, modules 1 and 2). They
serve nonfunctional requirements such as fast and easy replace-
ment, compatibility, and upgradability. Finally, Fig. 3(d) shows
amodular structure for the disposal stage (modules 7-13). Here,

TABLE III
MODULAR CHARACTERISTICS OF A VEHICLE

Properties Modules
1,2 3-6 7- Total
13
1. Maps to non-functional requirements? | A | 9
2. Does not have a unique function? + ++ ++ 5
3. Is not a subsystem? + ++ + 4
4. Does not have standard interfaces? ++ + + 4
5. Has a physical boundary? Rl e e B 8
6. Has a notional boundary? + + +H++ 5
7. Helps in design? + ++ + 4
8. Helps in manufacturing/assembly? +++ + ++ 6
9. Helps in service/operation/maintenance? | + 6
10. Helps in retirement? ++ + ++ 6
11. Helps in | |+ + 6
evolution/upgradability/flexibility?
Total 22 21 20

Fig. 4.
ules.

Modular food processor with its subsystems, components, and mod-

the modularization is based on the materials the components are
made of. These modules serve nonfunctional requirements such
as reusability and recyclability.

Table III presents the modular characteristics of the different
modules during some stages in the vehicle’s lifecycle.

Since the modular architecture of a vehicle is dynamic along
the different stages of the lifecycle, we present the summation
of values at each stage. As shown, the strongest relationship is
with mapping the modules into nonfunctional requirements, fol-
lowed by the existence of physical boundaries. These top scoring
relationships fit extremely well with our formal definition of the
term “module” in a systems context.

B. Home Food Processor

The next example is the food processor shown in Fig. 4 that
consists of two subsystems, two modules, and seven compo-
nents. Here, we differentiate between a subsystem (S), a com-
ponent (C), and a module (M) by the functional/nonfunctional
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TABLE IV
MODULAR CHARACTERISTICS OF A FOOD PROCESSOR

Properties Modules
S1 S2 M1 M2 | Total

1. Maps to non-functional + | | 9
requirements?
2. Does not have a unique function? + + + ++ 6
3. Is not a subsystem? + + ++ ++ 6
4. Does not have standard + + + + 4
interfaces?
5. Has a physical boundary? | | A | 12
6. Has a notional boundary? + + + + 4
7. Helps in design? ++H+ |+ ++ ++ 9
8. Helps in + + + + 4
manufacturing/assembly?
9. Helps in | +H |+ |+ | 12
service/operation/maintenance?
10. Helps in retirement? + ++ ++ ++ 7
1. Helps in | ++ ++ ++ ++ 8
evolution/upgradability/flexibility?
Total 18 19 22 22

attributes of the items. The major subsystem (S1) provides sev-
eral functional requirements such as power supply, user in-
terface, attach/detach mechanism to the working counter, etc.
Subsystem S2 provides other functional requirements such as
mixing/grinding/mashing of liquids and solids. The seven com-
ponents provide a specific functional requirement each (e.g.,
fine/coarse grinding, fine/coarse mixing, etc.). The two mod-
ules, on the other hand, provide nonfunctional attributes. For
example, modules M1 and M2, which consist of several compo-
nents, are designed for easy handling of liquids, and convenient
cleaning. Notice that subsystem S2 can also mix liquids, but
M1 adds the nonfunctional requirement of ease of handling and
cleaning, and therefore, is considered a module. Notice that, in
this system, the interfaces between the modules and subsystem
S1 (as well as between S1 and S2) are standard, allowing quick
and easy attachment/ detachment of the modules from the rest
of the system. Such an interface also allows the user to add
new modules as they become available, and possibly to com-
bine modules from other systems (providing they adhere to the
standard interfaces).

Table IV summarizes the modular characteristics of the mod-
ules (M1 and M2) and the subsystems (S1 and S2) of the food
processor (we do not consider the components C1-C7 in this
analysis as they are irrelevant to the modular characteristics).
As in Table III, we sum up the scores of the modules and the
subsystems according to their relations to the proposed modular
fundamental properties. Similar to the previous example, the
strongest relationships are with mapping the modules into non-
functional requirements, the existence of physical boundaries
and the help in the design, service, operation, and maintenance.
To analyze the differences between subsystems and modules,
we performed a vertical summation of the properties relation-
ships. Although there are similarities between the modules and
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the subsystems in some modular characteristics, the total score
of the modules is larger than the scores of the subsystems (22
versus 18 and 19).

C. Electronic Eye-Controlled Security System

Designing a modular architecture (for software and hardware
products) is a multifaceted, challenging, and complex task [81].
Seliger and Zettl [81] propose a novel software tool for gener-
ating various modular configurations, and assessing the value
of each one according to the strategic targets of the stakehold-
ers as well as possible product scenarios. Each configuration is
assigned with a benefit value using integer linear programming
and a systematic classification optimization for determining the
optimal configuration. The software tool was implemented in the
design of a mobile phone and was found to be useful in reducing
the development time and costs. However, the main drivers of
the software tool are the functional requirements, as specified
by the stakeholders. According to our proposed definition of
modularity, the benefits of a specific modular configuration
should be derived by the nonfunctional features of the design,
as well as by the additional costs of the modularity, compared
with the essential costs derived by the functional requirements.

A proper modular design can increase the product suitability
for life-cycle economy [82] by enabling economical modifica-
tions, maintenance, and adaptations. Lower development costs
of product variants and reduced manufacturing costs due to
larger batch size production improve the product economy [83],
particularly, in dynamic markets and diverse customer needs.
However, modularity introduces some economic risks. These
risks are due to the effort required in the development of the
modular architecture, as well as the modifications to the ini-
tial nonmodular architecture. Since, according to our definition,
modularity adds to the nonfunctional capabilities of the system,
it must economically justify the additional investment. As an
example, consider the electronic diagram of a simple electronic
eye-controlled security system [84] shown in Fig. 5(a). The sys-
tem consists of 17 units, each connected to 2 or 3 other units. The
system can be decomposed into the following three independent
functional subunits as shown in Fig. 5(b): sensing, signal pro-
cessing, and response units. In this case, the system consists
of 19 units and two interfaces (the additional two units are the
power supplies for the two additional subunits). Alternatively,
the system can be decomposed into four functional units, as
shown in Fig. 5(c), with a single power supply and five intermod-
ule interfaces. However, Fig. 5(d) shows a modular decomposi-
tion where nonfunctional features determine the clustering of the
components. In the modular architecture shown in Fig. 5(d), the
sensor, the buzzer, and the LED indicator are clustered in module
1, while all other low-cost electronic components (e.g., resistors,
capacitors, transistors, and diodes) are in module 2 (module 3
can provide power supply to both modules or can be integrated
into the modules). Such a modularization enhances reusability
of the more expensive components in module 1, as well as evolv-
ability of both the user interface components in module 1, and
the electronic circuit design and production in module 2. A com-
parison of the three possible architectures is shown in Table V.
As with the previous examples, architecture scores the highest
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Fig. 5. (a) Electronic diagram of the eye-controlled security system. (b) and
(c) Possible functional decompositions and (d) nonfunctional modular architec-
tures.

TABLE V
MODULAR CHARACTERISTICS OF THE SECURITY SYSTEM

Architectures
Properties
a b c d Total
1. Maps to non-functional + + + | +++ 6
requirements?
2. Does not have a unique function? + + | |+t 6
3. Is not a subsystem? + + + | +++ 6
4. Does not have standard interfaces? + + + + 4
5. Has a physical boundary? S B B 7
6. Has a notional boundary? + |+ |+ + 7
7. Helps in design? |+ | | 8
8. Helps in manufacturing/assembly? + | | | 8
9. Helps in PR (RN [N - 8
service/operation/maintenance?
10. Helps in retirement? + + |+ ++ 5
11. Helps in + + | | 7
evolution/upgradability/flexibility?
Total 13115 18 | 26

value in terms of the modular characteristics, mainly due to
its nonfunctional attribute and the advantage during the design,
manufacturing, operation, and other stages in its lifecycle.

VI. CONCLUSION

A module is a construct with nonfunctional goals within
a system. Unlike a module, the “system,” “subsystem,” and
“system elements” have functional goals and must contribute to
the functional requirements. Naturally, it must have interfaces
with other modules and subsystems, and be encapsulated by
a boundary. The interfaces can be standard, but this is not
essential. Standard interfaces are useful for the creation of
product/system platforms as they allow repeated use of the same
architecture. However, there are advantages associated with
nonstandard interfaces, such as recyclability, maintainability,
reusability, and adaptability. We can define a function as a
value-delivering process that involves the transfer of material,
information, and/or energy. Modules do not necessarily
contribute to the enhancement of functions. Modularity may
even reduce the performance. The modular system architecture
is usually more complex than a monolithic/nonmodular one
due to the additional interfaces and redundancies that modular
architecture might require. Modularity usually creates a tradeoff
between achieving nonfunctional attributes and functional
performance. To conclude, we can state the following points
regarding an ontological description of a module.

1) A module should not necessarily have a unique function or
some unique functions because the primary goal of modu-
larization is nonfunctional. Having unique functionalities
(again from certain perspectives), should not be regarded
as a criterion for being regarded as a module.

2) Every subsystem is a module. However, a module is not
necessarily a subsystem.

3) An assembly/subassembly is a module from the manufac-
turing perspective or viewpoint.

4) A module does not necessarily have a standard interface.
Having a standard interface should not be regarded as a
criterion for a unit to be regarded as a module.

The importance of creating controlled usage for the term
“module” is that it opens the way for creating standard pro-
cesses for module creation, and formal processes for the inclu-
sion of nonfunctional requirements in the design process. Such
processes exist for functional requirements in IEEE 15288 and
IEEE 1220 standards; however, for nonfunctional requirements,
these standards do not include significant inputs. The vision we
are promoting in this paper is that standard processes for cate-
gories of nonfunctional requirements, which are facilitated by
modularization, are included in the formal design processes and
their associated standards. In the next step of this study, we
will rigorously identify the nonfunctional requirements associ-
ated with modularity and categorize them into groups based on
the similarity of their corresponding modules and identify the
type of required module boundaries (hard boundaries, or soft
boundaries) for each requirements category. Another important
challenge is the placement and integration of the nonfunctional
design process with the functional design process. In a future
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work, we will advise on the techniques of module formation, its
process, and its relationship with the functional design process.

Modularity is usually an afterthought to the functional de-
sign, and commonly various sorts of analysis are performed
to determine whether modularization is a worthwhile practice.
Gamba and Fusari [85] provide a valuation approach to the six
modular operators proposed by Baldwin and Clark [21]. These
operators consist of splitting (creation of a set of independent
groups of components), substitution (changing of an existing
module with a different one), augmenting (creation of new hi-
erarchical levels), excluding (creation of a minimal system that
can be incremented later), inversion (isolating the common fea-
tures embedded in different modules), and porting (creation of
a set of components compatible with other designs). They illus-
trate their valuation model in an example from the automotive
industry where two manufacturers that produce similar types
of vehicles, improve efficiency by merging design and produc-
tion of some their components, by splitting their production
processes, and by inverting the production of common com-
ponents. These operators are considered to be imposed on an
accomplished functional design, an assumption that implicitly
considers modularity subsequent to the functional design. The
product design community uses various sorts of often network-
based modularity measures [86]—[88] to determine the potential
of finished designs and established products for becoming mod-
ular. This trend is an indicator of the community’s attitude, and
implicit and explicit assumptions about the priority of functional
requirements over nonfunctional ones.

This paper suggests that functional design and nonfunctional
design need to be carried out together and are best tackled as
an architectural issue. The limitation of this paper is in the lack
of discussion on a methodology as to how this important issue
can be tackled.
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