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ABSTRACT

Product modularity (a term often associated with off-site construction/prefabrication) has
been discussed in construction for a few decades. In spite of that, its understanding in this
new context is still emergent. This paper sets out to explore why that is the case. The
paper builds on both (i) recent investigations of this concept in construction, including
empirical studies which are critically analysed here, and (ii) seminal works on the
definition of product modularity in manufacturing. An important insight is that product
modularity can benefit traditional construction (by adopting a space-oriented perspective),
and thus should not be considered applicable only to off-site construction. Conversely,
off-site construction does not ensure per se the adoption of product modularity (even
though the terms might be sometimes perceived as closely related). Based on the analysis
of literature and empirical cases, three limitations in the understanding and application of
product modularity in construction are: (i) unclear boundaries between modules (namely,
which components pertain to which module), (ii) invariant modules (namely, the
components forming a module do not change depending on the combination in which it
1s used), and (ii1) interfaces as synonymous with surfaces (despite the fact that an interface
might entail more than one surface and vice-versa).
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INTRODUCTION

Product modularity (or modular architecture) has been extensively researched and applied
in manufacturing but has not received the same attention in construction. In the last two
decades, some studies (Schmidt et al. 2011, Bjornfot and Stehn 2004; Lennartsson et al.
2009; Jensen et al. 2014; Wikberg and Ekholm 2011) set out to adapt methods for
modularization in construction based on tools adopted in manufacturing such as Design
Structure Matrix, Function, Heuristics, Design for Variety, etc. (Kohl et al. 2017). Despite
such initiatives, a conceptual understanding of modules and key underpinnings
(functional elements, physical components, interfaces, etc.) for the construction context
is still required. A recent example of the lack of clear and common understanding is
provided, for instance, by Gosling et al. (2016). The referred authors carried out a survey
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Why is Product Modularity Underdeveloped in Construction?

in fifteen construction projects to identify what people understood as a module. This
concept was equated to different building parts ranging from concrete mix to volumetric
pods, suggesting that so far, there has not been common understanding on the meaning
of the term “module” in construction.

Efforts have also been made to explore the differences between construction and
manufacturing in regard to modularity (e.g., Kohl et al. 2017, Rocha et al. 2015). Yet,
comprehensive discussions with a clear logical reasoning of why and how product
modularity is affected by each particular difference are still needed. This paper explores
two of such differences. First, buildings are formed by spatial voids in addition to physical
components (e.g., pillars, beams, ceilings, fixtures, tiles, etc), whereas the majority of
manufacturing products only involve physical components (Rocha et al. 2015). Thus,
product modularity in buildings can be considered in terms of two perspectives (Rocha et
al. 2015): space or component-oriented. Second, a further characteristic of construction
is that products (buildings) are largely one-off products (Vrijhoef and Koskela 2000). As
a result, the particular set of modules used for a building is usually also a one-off and thus
unlikely to be used to construct another building (da Rocha and Kemmer 2018).
Differently, the same set of modules is used to produce a large number of identical
manufacturing products. In addition, usually modules have a single meaning for each
manufacturing product (e.g., all cars are formed by a cockpit, a chassis, etc.). This is
opposite to construction where the meaning varies: a module might be a pod in one
building and a brick in another. This helps to explain the multiple understandings of
modules identified by Gosling et al. (2016) and also why the concept of module is unclear
in the construction context.

By exploring these differences and the key underpinnings of product modularity, a
theoretical analysis of modules in construction is undertaken in this paper. The
underpinnings examined here were proposed Ulrich 1995): a seminal and widely
referenced paper for product modularity (3842 citations in Google Scholar on May 11,
2020). More specifically, the aim is (i) to graphically show these underpinnings in
practical/real construction project cases and (i1) to detail the difficulties (at a technical
level) in applying product modularity in such context. In order to do that, two projects
studied by the first author of this paper and fellow co-authors reported in previous
publications (da Rocha and Kemmer 2018, da Rocha and Kemmer 2013, and Gravina da
Rocha et al. 2019) are compared here. These empirical cases, both housing projects,
involve two distinct construction methods, namely, in situ cast reinforced concrete and
prefabricated timber panels.

WHAT IS A MODULE?
PARTITIONING RATIONALE AND LEVELS

The concept of “module” arises from the notion that (i) a product can be partitioned into
chunks (i.e. the modules) or that (i1) the physical units forming a product can be grouped
into chunks (e.g., Baldwin and Clark 1997, Fixson 2005, Salvador 2007). In addition,
such partitioning/grouping can be applied at distinct product levels, also known as
hierarchical product breakdown (Figure 1). That is, a product can be partitioned into
chunks, such chunks into sub-chunks, and so on and so forth. As a result, (i) level(s) can
be considered when looking at product modularity and (ii) distinct partitioning or
grouping can be created at each particular level. The (i) levels and (ii) partitioning or
grouping rationales (namely, why a product will be formed by a particular set of chunks)
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to be considered are dependent on the goals for product modularity (Pandremenos et al.
2009, Sako and Murray 1999). Such goals can include the provision of product variety,
production simplification, outsourcing of product parts, among others.

For example, if the goal is to simplify production (by reducing the number of parts),
the viewpoint is that of the construction site, and the modules are the physical parts
arriving there to erect a building. Such physical parts (or modules) can range from small
elements such as brick, paint, and nails to volumetric pods, depending on the construction
methods used (da Rocha and Kemmer 2019; Gosling et al. 2016). Likewise, if the goal is
to provide product variety while allowing for production efficiency, the partitioning
rationale should focus on creating a large module (or platform) combining all functions
and related components, for which clients do not require variety. The other functions and
components, for which client requirements diverge, should be allocated to distinct
modules that can be added to the platform.

hierarchical product breakdown
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Partitioning/grouping
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Figure 1: Levels of product modularity and partitioning rationales

Two related notions (albeit not always applicable) are that (iii) the chunks forming a
product can be mixed and matched and (iv) as the possible combinations among modules
increase, so does the modularity degree. Thus, a system of products or product variants
(namely, the products created by combining the modules) instead of a single product is
the appropriate unit for product modularity (Salvador 2007). These two additional notions
might not be always relevant as they depend on the goal considered for product
modularity. For example, they are central if product variety is targeted since the number
of product variants (or variety level) are directly associated to the number of possible
combinations. Yet, they are not essential if product modularity is adopted to partition the
product into chunks that can be independently developed by distinct design teams.

PRIMARY AND SECONDARY FUNCTIONS

The understanding of modules proposed by Ulrich (1995) implies that product modularity
involves (i) the allocation of functional elements into physical components (or modules)
(i1) the definition of the interfaces between such components (this second aspect is
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discussed in the following section). The relationship between functional elements and
physical components (or physical units) is essential to determine the product architecture
type (Ulrich 1995). Modular architectures are defined by a one-to-one allocation scheme
between functions and physical components (Ulrich, 1995), implying that each module is
independent in the sense that it performs only one function. Differently, integral
architectures are defined by many-to-one or many-to-many allocation schemes. These
allocations do not allow modules to be easily mixed and matched since the product is not
designed/organized as a set of individual chunks but mainly as a disordered/bundled set
of functions and components.

A number of studies (e.g., Stone et al. 2000, Fixson 2007) illustrate what is understood
as functional elements and physical components within the manufacturing domain. For
instance, functional elements for an electrical screwdriver include: supply electricity,
store electricity, convert electricity to torque, rotate solid, etc. (Stone et al. 2000), whereas
the physical components can include wire, bolts, nuts, pins, bit holder, switch, etc. Equally
important is the notion that both the functional elements and physical components can be
considered at distinct product levels (Fixson 2007). As exemplified by the cited author,
at the highest level (i.e. having the entire product as a module) the function of a hair dryer
is to dry the hair. Differently, at the lowest level (i.e. having the smallest component such
as a screw as a module), the function might be just hold two parts attached. These two
instances (highest and lowest levels) are illustrated by level 0 and level n in Figure 1.

Considering Vermaas' (2010) conceptualization of functions (goal, action, function,
behaviour, and structure of devices) and five models, product modularity is aligned with
function as a bypassing concept model. In such model, the focus is on the connection
among goals of the devices (e.g., illuminate a room for a lamp product), the functions of
the device (e.g., electricity converted into light), and the structure of the device (e.g., glass
bulb containing a wire in vacuum) (Vermaas 2010). The two latter notions can be equated
to functional elements and physical components. However, the five levels presented by
Vermaas appear to address the product as a whole rather than the chunks (discussed in
the previous section) which are the units of interest for product modularity. Indeed, the
concept of function (functions of the device according to Vermaas) is relevant from a
modularity viewpoint in the sense that the level considered for the hierarchical breakdown
should be between the function performed by the entire product and the function
performed by its smallest physical part.

Buildings differ from manufacturing products in terms of functional elements, and
consequently the relationship between such elements and the physical components. The
raison d’étre of buildings is to provide spaces for people to perform activities such as
reading, sleeping, cooking, resting, working, etc. (Rocha et al. 2015). This is
fundamentally different from manufacturing products in which (i) functions are
performed by components (physical mass) rather than people and (i1) spatial voids are
usually non-existing. (Clearly, it can be argued that some manufacturing products such
as cars, trucks, airplanes, etc., have spatial voids but the number, scale, and complexity
of such voids is not comparable to the ones encountered in buildings). The activities
performed by people have been termed by Rocha et al. (2015) as primary functions to
distinguish them from secondary functions which are performed by physical components
similar to manufactured products. Such secondary functions can include insulation
against thermal flows and noise, wind and water shielding, allowing or preventing
visibility, etc. Indeed, in order (1) for the spatial voids to exists and/or (ii) for the primary
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functions to be comfortably carried out, components in the form of building systems are
needed (Rocha et al. 2015).

PRIMARY OR SECONDARY FUNCTIONS IN DEFINITION OF MODULES

Considering the notion of primary and secondary functions, product modularity can be
considered in terms of two perspectives as discussed in Rocha et al. (2015). The first one
looks at secondary functions performed by physical components (component-oriented
perspective), similar to product modularity as adopted in manufacturing. The second one
(which will be further explored in this paper) looks as primary functions and the spatial
voids and enclosing components that create such voids, which is specific to buildings.
The notion of modules containing spatial voids and the components creating such voids
might be associated to volumetric pods produced off-site. However, this is not necessarily
the case: a building can be designed to be comprised by modules containing spatial voids
and be built using traditional construction method (e.g., in situ cast reinforced concrete
and bricks and blocks masonry) as the building illustrated in Figure 2.

Indeed, a study detailing the benefits of designing modules in terms of spatial voids
for traditionally built projects, particularly when adopting Delayed Product
Differentiation (DPD), was performed by da Rocha and Kemmer (2013). The examined
building is, from a modularity viewpoint, formed by (i) a platform, a number of spaces
(marked in white in Figure 2) such as kitchen, laundry, living room, and their enclosing
components such as walls, ceilings, windows, services systems, etc, and (ii) four families
of modules (A, B, C, and D). The rationale under DPD is to produce the platform
(including all fixtures and finishing) and later build a module from each of the families
according to the interior layout selected by the client. Organizing the apartment
production in these two batches (rather than in one single batch) postponed the
Decoupling Point (DP), namely, the moment in which the clients’ decisions are needed
to perform construction tasks, from week 1 to week 42 in the production schedule totalling
138 weeks. Thus, production is shielded from variations due to customisation (variation
of the product itself and variability in the timing of clients’ input) in 30% (42/138) of the
production time.

WHAT IS AN INTERFACE?

INTERFACES AND FAMILIES OF MODULES

Regardless if modules are (i) sub-assemblies produced off-site or (ii) fabricated on the

construction site [as the apartment project examined in (da Rocha and Kemmer 2013,

2018)], how they are connected is a key issue, which is conceptualized as interface (or

modules interface) in the product modularity literature. In some studies (e.g., Ulrich 1995,

Sanchez 1995, Schilling 2000), an interface is characterized as coupled or tightly coupled
(for integral architectures) or decoupled or loosely coupled (for modular architectures).

This provides a notion that modules can be easily detached and re-combined in modular
architectures (but not in integral ones). Other studies (e.g., Salvador et al. 2002, Pine 1999)
explore the notions of (i) interface types and (ii) families of modules. A good example is

the USB and jack ports (Figure 3): two interface types for connecting modules such as

keyboards, external hard drives, etc., to a computer. All devices that have a USB port

(e.g., mouse, keyboard, etc.) can be understood as a family of modules as they can be

connected to another module (i.e. the computer) via the same interface type. The same

applies for devices with the jack port: they form another family of modules.
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C and D) containing spatial voids (adapted from da Rocha and Kemmer 2018)
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Figure 3: USB and jack ports

Using these two notions (e.g., family of modules and interface types), some taxonomies
(e.g., Salvador et al. 2002, Pine 1999, Ulrich 1995) have been proposed. Although they
are more advanced in comparision to the notions of decoupled/coupled and loosely/tightly
coupled, they still do not provide sufficient technical detail regarding the connection
between each pair of modules. Pimmler and Eppinger (1994) shed some light by
suggesting four types of interactions between modules: (i) spatial interactions (i.e.,
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requirement for adjacency or orientation), (ii) energy interactions (i.e., requirement for
energy transfer), (iii) information interactions (i.e., requirement for information
exchange), and (iv) material interactions (i.e., requirement for material exchange). All of
these apply to buildings products considering that these involve electrical systems (energy
transfer), data systems (information transfer), and HVAC systems (material transfer such
as air or water). In addition, other interactions also apply such as loads and stress
interactions (among the components forming the structural system).

Nonetheless, spatial interactions are still the most fundamental relationship: every
module needs to have a particular form and geometrical position (considering a three-
dimensional grid) in the building and in relationship to other modules. Appropriate spatial
interactions are also necessary for other interactions to properly take place (Rocha et al.
2015): sink and pipe need to be geometrically aligned for the water to flow. Likewise,
structural elements need to be spatially coordinated for stress to be adequately transferred.
Yet, it is important to observe that two modules can have a spatial interaction without
having any physical connection (e.g., they need to be at a particular distance from each
other). Outlining (i) the types of interaction between every two modules and (ii) the
accepted levels for each interaction type is essential for understanding the technical
implications of combining distinct modules.

PROBLEMS IN INTERFACES DEFINITION

The construction sector is still lagging regarding the conceptualizations discussed here,
particularly regarding interfaces. Consider the two following examples: Project J
examined in (da Rocha and Kemmer 2013, 2018) for traditional construction (Figure 2)
and the ZEMCH housing project investigated in (Gravina da Rocha et al. 2019) for oft-
site construction (Figure 4). The interface between families of modules A and B (termed
as interface AB) changes depending on the modules used (Figure 2). For instance, if
modules A2 or A3 are combined with module B2, the interface entails a wall with a door.
Differently, if module A1l is combined with module B1, the related interface is only a
wall (with no door). In addition, it is not clear if such a wall (and the components forming
it) pertains to the modules from family A (A1, A2, or A3) or family B (B1 or B2). Thus,
two interrelated problems can be observed here: (1) unclear boundaries between modules
and (ii)) modules that are not invariant, namely, involve adjustments in physical
components (i.e. door) forming each module change depending on the combination in
which they are used in.

The same problems can also be observed in the off-site project (Figure 4). If the
platform (spatial voids such as living/dining, kitchen, etc., and the components enclosing
such voids, marked in green in Figure 4) is combined with a garage (module C1), the
interface PC (Platform-family C) is a wall. Differently, if the platform is combined with
a bedroom (module C2), the respective interface changes to a wall with a door. Here too
it is not clear if the wall (with or without the door) belongs to the platform or to the
modules from family C (module C1 or C2). This also applies to the interfaces PA and PB,
between platform and Family A (Bathroom A1, marked in blue) and between platform
and Family B (Laundry B1, marked in yellow), respectively. Indeed, when the platform
is used in isolation (without any modules from families A, B, or C), the interfaces (PA,
PB, and PC) are only walls whereas doors need to be added if modules are to be attached.
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Figure 4: Example of interface problems in off-site construction (adapted from Gravina
da Rocha et al. 2019)

The changes in components forming each module is against the logic of product
modularity, particularly when the goal is to efficiently provide product variety by mixing
and matching standard chunks. If modules need to be altered, such efficiency is lost or at
least reduced. It is proposed here that the problems in the interface definition are due to
spatial voids. Modules containing spatial voids will most likely be formed by at least six
surfaces, considering a spatial void to be a cuboid. (Clearly, spatial voids with more
complex geometries such as the L-shaped Bedroom 1 in Figure 2 can occur, further
increasing the number of surfaces). This can result in six interfaces, in case each of the
surfaces is connected to a different module. Conversely, modules in manufactured
products do not (usually) entail spatial voids and thus are likely to have a smaller number
of surfaces. For instance, the USB or jack phone involve only one surface (marked in red
in Figure 3) to connect a module (e.g., headphone, mouse) to another module (e.g., the
computer), differently from a module like room B in Figure 2, which has six surfaces
potentially interacting with other modules.

Yet, it is important to clarify the difference between interfaces and surfaces: a cuboid
has six surfaces which might translate into six interfaces, but only when each surface is
connected to a different module. However, (i) a single interface might involve more than
one surface and (ii) a surface might be part in two or more interfaces. An example is
Room B in Figure 2, which has three surfaces or walls “touching” the Platform (thus a
single interface) but also a wall (surface 4) containing two interfaces: between Room A
and Room B (interface AB) and between Platform and Room B (Interface PB).
Examining the surfaces forming each interface is important for understanding the details
and technicalities of connecting each pair of modules, despite the fact that from a
conceptual perspective (i.e. from a modularity viewpoint) they are still understood as a
single interface. The fact that interfaces in manufactured products appear to be simpler
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(as discussed for the USB port) might explain the lack of distinction between interface or
surface (or having interface as a synonym for a single surface) in the literature.

CONCLUSIONS

This paper aims at creating a deeper theoretical understanding of product modularity in
construction and its peculiarities in comparison to manufacturing. In order to do that, key
underpinnings were reviewed and discussed considering two characteristics of
construction, namely spatial voids and one-off products, which affect the application of
product modularity in this context. In addition, two empirical studies were presented to
illustrate in more detail what is a module in a space-oriented perspective, which is specific
to building products. These studies were also used to show practical instances of the
problems in applying modularity in construction, especially regarding the definition of
modules’ interfaces. However, this paper is limited to (i) discussing only a few interfaces
(and not all interfaces for all combinations of modules) and (ii) being based on a few
architectural drawings (rather than the complete information package required for a
project), both of which are needed for a comprehensive assessment of product modularity.

It is argued that the space-oriented perspective is more appropriate in construction
than the component-oriented perspective due to three reasons. First, having spaces as the
focal unit is more aligned with the nature or raison d'étre of buildings rather than focusing
on the physical mass or components forming spaces. Second, from a value viewpoint, the
client (dweller or user) requirements are more likely to be expressed or structured in terms
of the spaces forming a building: having a bedroom removed to enlarge the living room,
having a specific tiling for a bathroom, etc. (This paper does not otherwise discuss the
role of product modularity for value, which can be explored in further studies). Clearly,
adopting a space-oriented perspective still require the components enclosing such spaces
(and which create the interfaces between the modules) to be considered and organized
from a modularity viewpoint. However, such organization should subscribe to the space-
oriented perspective since only focusing on the components is likely to preclude the
benefits of a space-oriented perspective to be achieved.

Third, the component-oriented perspective is prone to local optimization since the
attention will most likely be directed on only one or a few building systems at a time
rather than the building as a whole. Differently, the space-oriented perspective, being
structured in terms of the spaces forming a building (and the supporting physical parts),
is more likely to support global optimization for improving project performance (variety,
simplification, delivery time, cost, etc.). Thus, it is suggested that such a perspective is
more compatible with the lean tenets. Fourth, looking at modularity from a space-oriented
perspective allows this concept to also be applicable and create benefits to traditional
construction as illustrated by the high-rise building project examined here (Figure 2). In
such a case, the alignment between the modules and work packages/work structure (e.g.,
Ballard 1999, Tsao 2005, Tsao et al. 2000) as detailed in (da Rocha and Kemmer 2018)
is central.

Indeed, studies on modularization methods in construction appear to either (i) adopt a
component-based perspective or (ii) not clearly address the space-oriented perspective.
Examples of the first group include Bjérnfot and Stehn (2004), Lennartsson et al. (2009)
Mohamad et al. (2014), and Mohamad et al. (2013), where the method was applied to a
particular set of components such as service systems or the structural system (rather than
the building as a whole). Examples of the second group include Veenstra et al. (2006) and
Wikberg and Ekholm (2011), which propose a technical platform, but it is unclear
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whether such platforms encompass spaces or not. As for the question presented in the title
of this paper, our conclusion is that the use of a less appropriate conceptualization of
modularity (namely, component-oriented) has been a major reason for its lack of
development (and application) in construction. Indeed, (i) the one-off nature of
construction, which results in multiple meanings for the term “module”, and (ii) the
spatial voids forming a building, which leads to the interface problems discussed here,
are two conceptual considerations that are missing for a more adequate understanding of
modularity in this context. Clearly, this does not preclude other reasons from contributing
to this underdevelopment.

In terms of future research, it is important for upcoming studies to acknowledge the
multiple meanings of modules in construction and, based on that, to clearly outline what
are the modules and their components (if possible, not only with text but also with
drawings and diagrams) in the particular projects investigated. Another important
research endeavour is to engage with design and construction teams adopting a space-
oriented perspective (like the two cases presented) and discuss the interface problems
identified here: (i) why changes in the components forming a module are required
depending on the combination in which this module is used in, and (ii) what would be the
challenges of having truly invariants modules. Such discussion can assist in further
understanding this problem in addition to potential ways to overcome it.
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