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Graph-Based Evolutionary Search for Optimal Hybrid
Modularization of Building Construction Projects

Jianpeng Cao'; Hisham Said, A.M.ASCE?; Anton Savov®; and Daniel Hall, A.M.ASCE*

Abstract: Off-site construction has been a crucial part of industrializing the industry to realize higher productivity, better quality, and a more
sustainable approach for constructing buildings. Off-site construction requires decomposing a floor plan into modules that can be in the form
of either panelized walls or volumetric modules. However, the previous modularization models and approaches are limited due to their
inability to consider the topological constraints of the modules, the flexible modularization of varying floor plans, and the mixed use
of panelized walls and volumetric modules. As such, this paper proposes a graph-based optimization methodology for the hybrid modu-
larization of building floor plans. The methodology was implemented using a multiobjective genetic algorithm that encodes and decodes the
floor plan using novel graph modeling and operations. A visual programming script was developed to extract the wall properties, their
adjacencies, and junction information from the building information model (BIM) of the floor plan. Time and cost estimation functions
were developed to evaluate the hybrid strategies of panelized-volumetric modularization. The deployment of the methodology was dem-
onstrated using an example floor plan design, which resulted in a spectrum of hybrid modularization plans ranging between fully volumetric
and fully panelized solutions. For this specific example, the fully volumetric solution was 23% faster than the fully panelized solution but was
22% more expensive. The main contributions of this study are the topological modeling of module types, their floor plan postdesign flexible
utilization, and the ability to explore hybrid modularization strategies. The findings of this study can prove useful for modular and off-site
building manufacturers to improve their agility and increase their market share. DOI: 10.1061/JCEMD4.COENG-14687. © 2024 American

Society of Civil Engineers.

Author keywords: Modularization; Graph modeling; Volumetric module; Genetic algorithm.

Introduction

Modularization is one of the major construction industrialization
tools to improve project overall productivity, enhance the delivered
building quality, and reduce the environmental footprint of a busi-
ness (Attouri et al. 2022). As a result, modularization adoption has
increased in the industry and is expected to expand at a growth
rate of 5.7% annually (Abdul Nabi and El-adaway 2020). In the
design process, modularization refers to a building design to be
decomposed into standardized modules [volumetric modules
(VMs) or panelized walls (PWs)] (Feist et al. 2022), in order
to handle the fabrication and logistical complexities of the supply
chain.

The terms module and modularity have not been uniquely defined
in construction literature (Gosling et al. 2016). Ulrich and Eppinger’s
(2018) definition is widely accepted in modular product design
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(Baldwin and Clark 2018; Duray et al. 2000; Jiao et al. 2007;
Salvador et al. 2002; Stone et al. 2000). He described a module from
two product properties: the similarity of the physical and functional
structure, and decoupled interfaces between components (Ulrich and
Eppinger 2018). The first property highlights the commonality in
module design. A module is a group of product variants that share
common features (Feist et al. 2022). The second property empha-
sizes the interdependence within and independence across modules.
In that sense, a module is a unit whose elements are strongly con-
nected among the elements in the same unit and relatively weakly
connected to elements in other units (Samarasinghe et al. 2019).

The product modularization problem has been solved from two
perspectives previously in the building construction industry.
Firstly, modules are identified in a complex product. The solution
defines the structural composition of modules and the number of
modules (Isaac et al. 2016; Samarasinghe et al. 2019). Secondly,
modules are modified by considering constraints in terms of design,
transportation, manufacturing, and assembly. The geometric dimen-
sion of each module is then optimized (Almashagbeh and El-Rayes
2021; Tidhar et al. 2021). The first scenario often takes place during
conceptual design, whereas the second one is analyzed at the de-
tailed design stage.

In industry practice, the modularization problem is usually
solved based on the engineer’s experience (Tidhar et al. 2021;
Tserng et al. 2011). Engineers need to manually modularize a cus-
tomized architectural design, often collaborating with architects
and manufacturers. The approach is slow and usually leads to sub-
optimal solutions. Alternatively, designers select a set of standard-
ized modules, usually developed by manufacturers, and apply it to
their design. Although the construction process is sped up because
the modules are well-engineered and known to be manufactur-
able, the design flexibility is limited, ending up with projects that
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sometimes suffer from a negative perception of their architectural
qualities (Cao et al. 2021).

Therefore, there is a need for the development of computational
approaches that can support the construction project team to mod-
ularize building in order to achieve operational efficiencies while
satisfying the project’s need for design freedom and flexibility.
These two operational and design objectives are contradictory,
and achieving an acceptable balance between them requires novel
computational approaches that can consider hybrid approaches of
modularization. A hybrid approach is needed to combine VM for
the highly serviced and higher value parts, and to use long-span PW
for the more open-plan areas (Lawson and Ogden 2008).

In this paper, we propose the development of a graph-based
hybrid modularization optimization methodology for building floor
plan designs. Graph modeling is used as an efficient approach to
represent the floor layout data with the flexibility to add additional
data of manufacturing and assembly (Isaac et al. 2016; Cao et al.
2022). Besides, modules, including VM and PW, are modeled as
metagraphs. Building upon that, an evolutionary algorithm sup-
ported with graph operations is used to optimize the modularization
of the floor plan into a set of PW and VM. The implementation and
performance of the proposed methodology are illustrated using an
application example.

Literature Review

In this study, a comprehensive literature review was conducted to
determine the current state of knowledge regarding the optimiza-
tion of modularization components and plans within the construc-
tion industry. Utilizing Google Scholar and Scopus as the primary
search engine, keywords such as “modular design/construction,”
“module configuration,” “modularization,” “optimum modules,”

9

Table 1. Quantitative and computational models of modularization

and “optimization” were systematically employed to identify rel-
evant academic works. This search was refined to exclude studies
outside the building sector. Besides, this research specifically
focuses on studies presenting quantitative and computational
models of modularization. In general, three computational strategies
are suggested: independence-driven modularization, commonality-
driven modularization, and index-driven modularization, as detailed
in Table 1.

Independence-Driven Modularization

Independence-driven modularization aims to identify modules by
maximizing the interaction in modules and minimizing the interac-
tion between modules. For that purpose, a set of tools is developed,
including the design structure matrix (DSM), graph-based ap-
proaches, the modular identification matrix (MIM), and the genera-
tional variance index (GVI). Among them, DSM has been widely
used in the industry (Ahmadi et al. 2001; Sinha et al. 2020; Van
Beek et al. 2010; Yu et al. 2007). Wee et al. (2017) examined the
application of three modularization tools, namely DSM, MIM, and
GVI, in a modular plant room case study. They found DSM to be
the closest to the engineers’ modularization mindset (Wee et al.
2017).

DSM is a network modeling tool used to model elements com-
prising a system and their interactions. A DSM is represented as a
N x N matrix, representing the interactions among N elements
(Eppinger and Browning 2018). Then, clustering algorithms are
utilized to group elements into clusters by reordering the rows
and columns of the DSM. Alternatively, graph-based approaches
use nodes and edges to represent elements and interactions between
elements respectively. Clustering algorithms are used to find sub-
graphs as modules.

References

Systems

Modularization drivers

Computational algorithms

Aiello et al. (2012)

Schmidt et al. (2014)

Isaac et al. (2016)
Sharafi et al. (2017)

Said et al. (2017)
Wee et al. (2017)

Samarasinghe et al.
(2019)

Almashagbeh and
El-Rayes (2021)

Tidhar et al. (2021)

Almashagbeh and
El-Rayes (2022)

Feist et al. (2022)
Cao et al. (2022)

Ghannad and Lee (2023)

Sudrez et al. (2023)

Floor plan

Housing unit
Housing unit

Modular building

Panelized building

Plant room

MEP systems

Floor plan

Floor plan
Floor plan

Room modules
Framed panels
Floor plan

Plumbing systems

Material handling costs, aspect ratio, closeness,
distance requests

Independence, Adaptability
Independence, replacement commonality

Plan irregularity, energy efficiency, construction
cost

Panel commonality, Fabrication cost

Independence

Independence, assembly cost, handling time

Construction cost, floor plan functional
performance

Cost, speed, quality

Construction cost, floor plan functional
performance transportation cost

Room commonality
Panel commonality
Module commonality, suitability

Installation cost, local job creation

Genetic algorithm

Dependency structure matrix, clustering algorithm
Graph-based model, clustering algorithm

Matrix-based method, integer programming

Genetic algorithm

Dependency structure matrix, modular
identification matrix generational variance index

Dependency structure matrix, clustering algorithm

Linear programming

Greedy algorithm

Genetic algorithm

Clustering algorithm
Graph-edit distance algorithm
Genetic algorithm

Dependency structure matrix, fuzzy logic models,
genetic algorithm
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Samarasinghe et al. (2019) and Sudrez et al. (2023) adopted the
DSM approach to modularizing mechanical, electrical, and plumb-
ing (MEP) systems The approach does not take structural elements
into account. Compared with modules in MEP systems, the struc-
tural modules are more restricted by design and installation
constraints. Schmidt et al. (2014) adopted a DSM approach to ana-
lyze the interactions among the subsystems (e.g., skin) of a house.
Within each subsystem, a combination of automated and manual
clustering was undertaken to group building elements into mod-
ules. The elements in the detected modules might not be physically
tied but functionally rely on each other (Schmidt et al. 2014).
Isaac et al. (2016) carried out a graph-based approach to cluster
MEP and structural elements into modules, and implemented the
methodology in a case study of a robotic patient headwall system.
They identified the modules with similar replacement rates during
the operation stage of the building to minimize the renovation
efforts.

In both of those studies, the identified module configuration
may not be practical during the construction stage. The limitation
is that no topological constraints were taken into account during
module identification. Here, the topological constraints refer to the
requirement of module composition and spatial relations between
components. For example, the topological constraints for walls
of a VM could be four-sided enclosed, open-ended on one side, or
open-ended on opposite sides. Without taking topology as a con-
straint, the modules identified by the independence-driven approach
might not be feasible in terms of structural integrity, transportation,
and assembly.

Commonality-Driven Modularization

The commonality-driven modularization aims to optimize modules
by detecting shared features among product variants and develop-
ing standard representatives. It is a postanalysis for typical VM
and PW systems. The analysis starts with the product feature
extraction. The next step is to calculate the difference between
product variants using the extracted features. Finally, a clustering
algorithm is implemented to group a number of product variants
into clusters in which products are more similar to each other than
in other clusters.

Previous studies applied this strategy to VM systems (Feist et al.
2022; Ghannad and Lee 2023) and PW systems (Cao et al. 2022;
Said et al. 2017). The selected features can be summarized into
three categories: architectural shapes and dimensions (Cao et al.
2022; Feist et al. 2022; Ghannad and Lee 2023; Said et al.
2017), element typologies (Cao et al. 2022; Feist et al. 2022),
and structural composition (Cao et al. 2022; Feist et al. 2022).
The clustering process is semiautomated, which requires manual
selection of the number of clusters. By controlling the number
of clusters, architects can make the trade-off between commonality
and customization. Of the aforementioned studies, Said et al.
(2017) proposed an optimization strategy to support architects to
balance the trade-off by analyzing the commonality and fabrication
cost simultaneously in panelized projects. Ghannad and Lee (2023)
developed a systematic approach to balance the commonality and
suitability of the module configuration in postdisaster housing proj-
ects. However, the commonality-driven approach lacks the ability
to identify modules from different topologies, such as hybrid
planar and volumetric buildings. Also, this approach does not
support the entire modularization process, and rather focuses on
the commonality and variety optimization of an already modu-
larized system.

© ASCE
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Index-Driven Modularization

The index-driven modularization is originally used as an evaluation
approach to quantify the suitability of a module design solution in
building construction. Boothroyd (1994) suggested that simplify-
ing the structure with a minimum number of modules can reduce
the total cost. In this regard, some studies considered the number of
modules in determining the module configuration (Almashagbeh
and El-Rayes 2021; Liew et al. 2019). Smith (2010) discussed
key constraints for module configuration, including transportation,
assembly, crane, and tolerance limitations. Building upon that,
Salama et al. (2017) introduced five quantifiable indices, including
a construction index, transportation dimensions index, transporta-
tion shipping distance index, crane cost index, and concrete volume
index, to enable a near-optimum selection of module configuration.

With the emergence of automated decision-making tools, a
number of studies used computational algorithms to automate and
optimize the modularization task. Aiello et al. (2012) optimized the
design of facility layouts using multiobjective genetic algorithm
optimization. However, they formulated the problem as a layout
partition using rectangles without taking architectural requirements
into account. To improve that, Sharafi et al. (2017) took plan irregu-
larity, energy efficiency, and construction cost as objectives and
generated floor plans using different shapes of units, such as
T-shape, L-shape, linear shape, and rectangular shape. The modu-
larization program was modeled as a three-dimensional assignment
problem, and solved by integer programming.

Almashagbeh and El-Rayes (2021) used linear programming to
generate the optimal VM configuration for architectural floor plans
by minimizing the total cost of modular construction projects and
maximizing the functional performance of the floor plan. The
optimal width and length of each room were identified as output.
They further integrated transportation costs as another objective to
determine the truck assignment plans. Tidhar et al. (2021) used a
greedy algorithm to adjust the internal VM boundaries of a given
architectural floor plan. They evaluate each design solution in terms
of cost, speed, and quality. Both studies tackled the modularization
problem by optimizing the dimensions of VM. However, the design
was only limited to the application of a four-sided enclosed VM.
There does not yet exist an approach for hybrid module solutions
with diverse module topologies to be derived for customized archi-
tectural design.

The literature review revealed three main research gaps that
need to be addressed by new modularization computational
approaches. First, the topological constraints of the modules need
to be considered during the modularization process. There is a need
for modularization computational approaches that consider the
functional and structural requirements of the modules, not just their
clustered interdependencies (as done in DSM and independence-
driven models).

Second, modularity should not be integrated too early in the
design process in the form of standardized rigid modules, or too
late in the process in the form of marginal commonality-focused
design adjustments. There is a need for new models that allow the
use of flexible modules that can be topologically defined and flex-
ibly applied to a variety of floor plan designs.

Third, design modularization approaches have typically been
limited to a single-product topology and failed to explore the
benefits of integrating VM and PW to fit the needs of each indi-
vidual project. There is a need for new approaches to allow the
integrated use of panelized and volumetric modules to improve
the design modularization process while considering the time and
cost implications.

J. Constr. Eng. Manage.
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Research Goal and Methodology

To address the existing gaps in the literature, this paper presents
the development of graph-based hybrid modularization optimiza-
tion methodology of building floor plan designs while considering
the topological constraints and the time-cost impacts of volumetric
and panelized modules. Graphs are used frequently to represent de-
sign properties in creating building floor plans (Slusarczyk 2018).
During the last years, several graph-based methods have been pro-
posed for the early-stage design optimizations and conceptual
design decisions (Nauata et al. 2020; Pizarro et al. 2022; Sharma
and Chattopadhyay 2018; Wang et al. 2018). Compared with tradi-
tional building information modeling (BIM), graphs allow for a
more lightweight representation of buildings, focusing on the spatial
configurations and supporting the design process through the inte-
gration of topology and semantics.

The proposed methodology adopts a graph-based approach
for modeling the topological constraints of floor plan modulari-
zation. By doing so, the method enables integration of modularity
during the design development stage, when the floor plan is given
by designers, so as to avoid designs originating from too-rigid
modules. Besides, instead of a single-product topology approach,
diverse topologies of VM and PW products could be applied to
modularize the building. The method benefits the stakeholders by
leveraging a mass production approach in customized design,
thereby achieving production-efficient solutions without sacrific-
ing design flexibility.

Fig. 1 depicts the methodology, which involves the graph mod-
eling of the project’s floor plan and modular units (VM and PW),
the genetic algorithm optimization of the project modularization
strategy, and the visualization of the possible strategies and their
modularized floor plans. The following sections thoroughly explain
the proposed methodology.

\-I Graph modeling |—-”"‘

| Floor plan data |

| VM & PW data |
e —
—l GA Optimization r

| Chromosome encoding |

| Room detection |

Chromosome VM detection |
Decoding

| PW detection |

Objective | Time Estimation |

Functions | Cost Estimation |

|0utput Visualization |

Eﬁ

Modularized
Floor plan

0
W

Time-Cost
Evaluation

Fig. 1. Methodology of graph-based modularization optimization.
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Graph Modeling

Floor Plan Representation

The floor plan was designed as a BIM, which contains architectural
elements, structural elements in three-dimensional (3D) geometry.
In this study, we applied an attributed graph to represent each floor
plan. An attributed graph over the node set (N) and the edge set (E)
isasystem G = (N, E, Ay, Ar) where N is the node set, represent-
ing a set of building elements, E is the edge set, representing a set of
connection between elements, Ay is the attributes of nodes, repre-
senting the properties of the building elements, and A, is the attrib-
utes of edges, representing the properties of the connection.

To build such a graph representation, the virtual programming
tool Dynamo version 2.18.1 was used to extract information from
the BIM. Two major operations were performed using Dynamo for
graph development: node identity extraction and edge identity
extraction. Dynamo is a visual programming scripting language.
Unlike traditional programming, Dynamo uses a visual scripting
interface with nodes and wires, making it accessible to those with-
out a background in coding. Each node represents a function or
action, and users can connect these nodes to construct complex
logic and design algorithms.

Node Entity Extraction

This step is to extract the node identities for graph representation.
Using Dynamo, elements were filtered with the Element Classes
function. Element IDs are retrieved using Element.ID, and addi-
tional properties, such as length, are accessed through Parameter-
ByName. This study focused on walls in a given floor. Wall
segments of any length between wall intersections were modeled.
These segments can be combined into a single PW, or left to be
assembled onsite. Fig. 2 illustrates the Dynamo scripts utilized
for extracting walls as nodes, including their IDs and lengths as
node attributes.

Edge Entity Extraction

The edge identity was extracted from the BIM model in this
process. Through Dynamo, the Element.Geometry and Geometry.
DoesIntersect functions can be used to obtain the geometry models
of building elements and determine connections between two
geometry entities. Connections can be stored in a set of node pairs,
<node_i, node_j>. In addition, the connection types and connection
angles were extracted as edge attributes. In this study, we catego-
rized two connection types, off-site and onsite connections, which
will be explained in the section “Chromosome Decoding.” The
methods for calculating the connection angles between intersecting
elements involve the Element.GetLocation and AngleWithVector
functions, as depicted in Fig. 3.

Finally, the node and edge information can be transformed into a
graph structure via NetworkX version 3.2.1 (Hagberg et al. 2008).
NetworkX is a Python package for the creation, manipulation, and
visualization of complex graph structures. A floor plan is trans-
formed into a graph as an example (Fig. 4). Here, walls and con-
nections between walls were modeled as nodes and edges,
respectively. The wall types and dimensions were modeled as node
attributes and connection angles as edge attributes.

Hybrid Module Representation

In the considered hybrid modular system, modules, including VM
and PW, were modeled as metagraphs using the same modeling
strategy as that for the floor plan. The VM units varied from com-
plete rooms, parts of rooms, and separate highly serviced units such

J. Constr. Eng. Manage.
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Fig. 3. Dynamo scripts for edge entity extraction.

as toilets or lifts. The load-bearing wall panels and floor cassettes
create a more flexible open space (Lawson et al. 2014).

Volumetric Modules

In this study, two topology types of VM were considered in the
design of hybrid systems: four-sided VM and partially open-sided
VMs. The four-sided VM are manufactured off-site from a series of
two-dimensional (2D) wall segments, starting from the floor cas-
sette, to which the four walls and ceiling are attached. The four-
sided VM is suitable for various structural material types, such
as concrete, steel, and timber structures. They are prefabricated
off-site, transported to the site, and craned onto the building foun-
dation or on top of an assembled floor. The four-sided VM can be
manufactured without a floor and ceiling structure, such as for lift

© ASCE
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shafts. Taking a four-sided VM in Fig. 5 as an example, six building
elements, namely, four walls, a ceiling, and a floor, were modeled
as nodes. Connection angles (any integer value between 0° and
180°) and connection types (onsite or off-site) were modeled as
edge attributes.

Partially open-sided VM improve the design flexibility because
two VM can be placed together to create wider spaces. In this case,
one of the walls in the longer orientation of the module is removed
or partially included in the module to create an open area on one
side. The other longitudinal wall is needed to handle the module
lateral loads, and the vertical loads are supported via the other
two transverse walls. Combining two partially open-sided VM
units could satisfy the typical room sizes of residential floor plans.
The graph representation is shown in Fig. 6.

J. Constr. Eng. Manage.
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Wall 1 Wall 2

Wall 4
Wall 7
Wall 13
Wall 10
—
Wall 12 Wall 11
(a) (b) (c)

Fig. 4. Floor plan and corresponding graph representation: (a) 3D model of the floor plan; (b) 2D view of the floor plan with identifiers of wall
segments; and (c) graph representation where the nodes are mapped to the wall segments in plot (b), and the edge value, either O or 90, indicates
whether a wall is parallel or perpendicular to another wall.

Fig. 5. Four-sided VM and corresponding graph representation.

Fig. 6. Partially open-sided VM and corresponding graph representation.

PW Panels into wall segments between their intersections. Each wall segment
Two-dimensional flat panels can be used as exterior facades and is represented by a single node in the floor plan graph. The pro-
interior partitions, which can be prefinished with insulation and posed approach considered merging these wall segments into
boarding before delivery to the site. Initially, walls are segregated continuous wall panels. Panel length can be maximized so as
© ASCE 04024098-6 J. Constr. Eng. Manage.
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to reduce the number of panels to be manufactured and lifted,
with the aim to improve overall productivity by reducing the
non-value-adding time of fabrication setup and handling. The
maximum panel length is usually controlled by special transpor-
tation permits. Two segments can be merged if the connection
angle between them equals 0° or 180° and two walls share
the same material types. The conditions for merging can be easily
extended.

Genetic Algorithm for Modularization Problem

To account for the trade-off between minimizing both the construc-
tion cost and time, the floor plan modularization analysis was for-
mulated as an optimization problem of value assignment for edge
properties (i.e., connection types) of the graph model of the floor
plan. This optimization problem was implemented using a multi-
objective genetic algorithm (Golberg 1989) that encodes the edge
list of a graph as a chromosome and takes the total floor construc-
tion time and cost as the fitness function. The optimal solution can
be decoded to a modularized floor plan that consumes the least time
and cost. Genetic algorithms (GAs) are widely used to generate
near-optimal solutions in the architectural and structural design
domains (Anvari et al. 2016; Bianconi et al. 2019; Yazdi et al. 2021;
Wang et al. 2016). GA is one of the common evolutionary algo-
rithms that is simple to implement to optimize nonlinear problems,
but it can be computationally demanding and requires fine-tuning
of its parameters (Val et al. 2021). In addition, GA is best suited
for multiobjective optimization problems where the decision maker
needs to analyze the possible trade-offs among the considered
objectives (Said and El-Rayes 2013).

To use GA as a solution search method, the design variables
must be encoded as chromosomes, where each chromosome
includes multiple genes that represent the optimization decision
variables. A chromosome is composed of a list of the connection
types between the wall segments as design binary variables. Each
variable has two categorical values: 1 represents and off-site con-
nection and 2 represents an onsite connection. The length of the
chromosome is the number of connections in the given floor plan,

which equals the number of edges of the floor plan graph represen-
tation. Fig. 7 depicts a small floor plan example of two rooms,
seven wall segments (graph nodes), and 10 wall connections (graph
edges). As such, this floor plan modularization problem will be en-
coded as a 10-gene chromosome, where each gene represents a wall
connection type. Using these connection type decision variables,
the floor plan of discretized wall segments can be grouped into
a hybrid set of VM units and PW two-dimensional panels during
the decoding process.

As shown in Fig. 7, the algorithm started by creating a new pop-
ulation of chromosomes by randomly setting the chromosome gene
value to sample the design search space. As such, this population
and subsequent populations were evolved and optimized iteratively
in the following steps (Deb et al. 2002): (1) decoding the chromo-
some using graph operations of room search, VM search, and PW
search (explained subsequently), (2) evaluating the fitness of each
population chromosome using the time and cost objective functions
(explained subsequently), (3) sorting the fitness of each chromo-
some by its dominances of other chromosomes in terms of lower
time and cost values, (4) generating a new population by applying
the GA evolutionary operations of parent selection, crossover, mu-
tation, and elitism [Deb et al. (2002) has given a full description],
and (5) checking if the solution convergence termination condition
is satisfied to stop the algorithm and output the final population and
its nondominated optimal chromosomes (modularization plans).
The following sections describe in more detail the chromosome de-
coding and optimization objective functions of the modularization
problem.

Chromosome Decoding

Three graph operations, including room detection, VM detection,
and PW detection, were performed sequentially on the graph model
of the analyzed floor plan to decode the chromosome values and to
translate them into a modularization solution. Two constraints were
applied in these operations to penalize any modularization solution
that exceeded the maximum panel length and the maximum VM
volume limits.

( Floor Plan and its Graph Model
Solution A Solution B
wi wr 5PWs&0VM| | | 3PWs & 1VM
w2 wa Yl erzizizizizizieiai 2i2121214(4]1]1]2]2]
R1 R2 —
Solution C
w3 W5 3PWs &1 VM

[111]11]1]12]2]2]2]2]2]]

D I Other chromosomes
P T S S S T T 1
l.I.I.I. l.].I. l.I. 11
— L n L n n L n n n 1
LLLu..|_.|..|..|..|..|..|..|..|.. |

Chromosome Decoding using Graph Operations

Room Detection —3» VM Detection —» PW Detection

g

Genetic Algorithm
Random New Chromosome Time & Cost Non-Dominance
Sampling Population Decoding Functions Sorting

GA Chromosome Encoding
(10 wall connections = 10 genes)
[vi[vz2[v3[va[vs]ve vz [vs]ve [vio| Gtard)

Selection, Crossover,

Mutation, Elitism

No Yes @

Fig. 7. Implemented genetic algorithm and its graph-based chromosome encoding and decoding.
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Fig. 8. (a) Nonsimple cycle; and (b) two simple cycles.

Room Detection

A room is an enclosed space unit in a given floor plan. Each room
can be constructed differently according to its shape, scale, and re-
lationship to other rooms. Enclosed rooms are detected in the floor
plan by finding all simple cycles. A cycle is a simple cycle if it
cannot be broken down into two or more cycles. In this sense, a
simple cycle represents an enclosed room that is not partitioned
into more rooms. To find all simple cycles in a graph, we used a
minimum cycle basis (MCB) algorithm (Mehlhorn and Michail
2009). The algorithm is used to find cycles that the sum of the
weights of edges is minimal. For unweighted edges, the sum of the
weights of edges equals the number of edges.

Based on the algorithm’s results, a filtering operation was con-
ducted to identify the cycles with the number of edges (walls) to be
more than three and the number of 90° connections to be exactly
four. The first criterion aims to avoid detecting a cycle that repre-
sents an intersection between three wall segments (e.g., 1-4-7 and
3-4-5 in Fig. 8). The second criterion is used to find rooms in a
rectangular shape, which is common for VM (e.g., 1-2-3-4 and
4-5-6-7 in Fig. 8).

VM Detection

For each detected room, the volume of the room was compared
with the maximum VM volume limit to check whether the room
can be modularized or not. Then, the VM topology was determined
at this step via subgraph matching. Subgraph matching was done to
determine the presence of a given query graph in a target graph
(Bonnici et al. 2013) (Fig. 9). If the graph contains the node
and edge properties, both the topology and the properties should
be matched. In this study, we represented the user-defined VM
as metagraphs and used them as query graphs to find VM in a target
floor plan graph. The node properties, including element types and

wall wall
° e1(90, 1) °

e4 (90, 2)

Oawrn©

wall wall

(a)

€2 (90, 1)

edge properties, including angles and connection types, were taken
into matching process. The connection types, specifically, are
dependent on the GA chromosome values.

In detail, a query subgraph is represented as a sequence of con-
nected nodes and edges in a form of (typenode_1, angleedge 1,
connection typeedge_1, typenode_2), (typenode_2, angleedge_2, con-
nection typeedge_2, typenode_3), ..., (typenode_x, angleedge_n,
connection typeedge_n, typenode_y). Because the query graph rep-
resents a VM, the connection type of all the edges in the matched
subgraph has to be an off-site connection.

PW Detection

After finishing the VM detection, the unmatched part of floor plan
was constructed using panels. The length of panel can be maximized
by merging multiple wall segments into one within the predefined
length limitation. The merging of wall segments was performed
using a node contraction operation. The contraction of a pair of
Nodes 1 and 2 of a graph is the operation that produces a graph in
which Nodes 1 and 2 are replaced with a single node v, such that
v is adjacent to the union of the nodes to which Nodes 1 and 2 were
originally adjacent. This operation requires that the wall angle be-
tween merging segments is zero. Furthermore, node contraction
iteratively continues until no further wall mergers are possible.
An example of node contraction is shown in Fig. 10.

When two nodes are contracted as one, the edge property and
node property are updated. For example, the Length property of the
replaced single node is recalculated as the sum of the length prop-
erty values of the original two nodes. The model checks the updated
length property of the merged PW condensed node to confirm that
it is within the maximum allowable wall lengths permitted by the
shipping trailer dimensions.

Query graph: { (wall, 90, 1, wall), (wall, 90, 1, wall) }

(b)

Fig. 9. (a) Target graph; and (b) detected query graph.
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Fig. 10. Node contraction on (a) original graph; and (b) output graph.

Objective Functions

The evaluation of a modularized solution was based on the total
floor construction duration (TD) and total cost (TC). The construc-
tion total duration calculation considers the main activities of off-site
fabrication, onsite assembly, and interior finishes. Other activities
were not considered due to their short time spans or independence
from the selected modularization approach (like the facade). The
total cost was calculated as the sum of the fabrication, finishing,
assembly, and shipping costs. The goal of the developed model
is to generate a modularization solution that simultaneously min-
imizes both objective functions, or generate Pareto solutions that
provide different trade-offs between the objectives of minimizing
cost and time. We define the notations, parameters, functions and
calculation variables in the “Notation” section.

The proposed calculation functions attempt to provide approxi-
mate duration and cost estimates of the volumetric and panelized
fabrication and installation processes. Similar estimate assumptions
and approximation approaches were made in previous studies
(Khalili and Chua 2014; Anvari et al. 2016; Yang et al. 2016),
which did not limit the practicality and relevance of their developed
models.

Time Estimation

The construction time of the hybrid modularized floor was esti-
mated using a linear production modeling approach to account for
the concurrent and continuous execution of the fabrication and
assembly tasks. As shown in Fig. 11, the construction scope in-
volved six main processes: panel fabrication for the PW scope,
panel fabrication for the VM scope, module fabrication, panel
assembly, module assembly, and site finishes.

Fig. 12 depicts the linear production model used to parametri-
cally estimate the construction total duration based on the durations
and the buffers of the construction processes, which are calculated
based on the analyzed modularization solution. The mathematical

Site
Stock Stagin
Panel Panel
: ; )[ Fabrication 1 } ’[ Fabrication 2 } -
T

R

representation of the construction time estimation is presented in

Egs. (1)—(11), which are formulated considering the following

assumptions and operation logics:

* As shown in Eq. (1), the construction total duration was calcu-
lated as the sum of the total fabrication time (TFB) and total
assembly and finish time (TAF). A decoupling point was placed
between the fabrication and assembly to follow the logic that the
assembly tasks of the VM units and PW panels commence at the
same time.

e The fabrication of the VM units and the PW panels is done in the
same factory, and their total fabrication time is modeled by
Eq. (2). Thus, there are two panel fabrication processes: the first
process (PFT; duration) fabricates panels for the VM scope and
the second process (PFT, duration) fabricates panels for the PW
scope. Both panel fabrication processes depend on the panel
unit length fabrication time (PLT) and the length of each panel
L(P) used for PW units N(P,p) and VM units N(P;p). VM
scope panels are fabricated before the PW scope panels to allow
the immediate start of the module fabrication process, which
involves the module interior finishes. A fully volumetric prefab-
rication strategy can benefit from this concurrent fabrication of
PW and VM units (including the room finishes) to provide the
greatest time savings.

e Three types of the connection were considered, including
panel-to-panel connections, panel-to-VM connections, and
VM-to-VM connections.

e The VM fabrication takes place off-site and its time (MFT)
includes panel lifting, panel-to-panel connection, and VM fin-
ishes, as shown in Eq. (6). The whole off-site VM fabrication
process is more efficient than onsite activities. Thus, an off-site
relative unit rate factor () was used for MFT calculation, where
a lower value 3 implies more efficient off-site operations that
would require less time and cost per unit of work. As such,
a fully volumetric approach can benefit from this off-site

Installed Stop
Panels
- = == »|Panel Assembly |- - - DV' = = ®| Site Finishes [ == ’O
s

Fabricated
Panels
1
1 Module Module
" cammaten | u
Fig. 11. Processes of the hybrid module construction.
© ASCE 04024098-9 J. Constr. Eng. Manage.

J. Constr. Eng. Manage., 2024, 150(8): 04024098



Downloaded from ascelibrary.org by Technische Universiteit Delft on 07/01/24. Copyright ASCE. For personal use only; al rights reserved.

Assembly starts
for both panels and modules

100%

PW Scope

100%

VM Scope

TFB

TAF

Fig. 12. Linear production representation of the fabrication and assembly of the floor VM units and PW panels.
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production efficiency advantage by achieving greater time
savings in both fabrication and finish work.

The panel assembly takes place onsite and its time calculation
(PAT) includes panel lifting (CRNT,), panel-to-panel connec-
tion (CONT,,,), and panel-to-VM connection (CONT ,,,,), as
shown in Eq. (7).

The VM assembly takes place onsite and its time calcula-
tion (MAT) accounts for VM lifting (CRNT,,) and VM-to-VM
connection (CONT,,,,,), as shown in Eq. (8).

As shown in Eq. (9), the time of the site finishes (SFT) involve
finishing work for nonvolumetric rooms (nr), which represents
mechanical, electrical, plumbing, painting, flooring, insulation,
openings, and similar work other than the walls. The time for
each room (FT,) is defined by user inputs to reflect varying
levels of finish work for dry and wet rooms.

Buffer times were used to allow the concurrent process execu-
tion within the fabrication and site phases of the construction
project. Eq. (10) calculates the buffer time (BUF;) between
the panel fabrication and the VM assembly processes, and
Eq. (11) calculates the buffer time (BUF,) between the panel
assembly and the site finishes. Here, it was assumed that both
buffer times BUF; and BUF, are linearly correlated with the
corresponding production rate of their preceding activities
(PFT; and PAT, respectively), where the linear coefficients
(STK, and STK,) could be set by fabrication companies to re-
flect the minimal required buffers of panels for fabricating or
assembling a module

TD = TFB + TAF (1)

TFB = max((PFT, + PFT,), (BUF, + MFT))  (2)

TAF = max((BUF, + SFT), MAT) (3)
(P3p)

PFT; = » L(p) xPLT (4)
p=1

N(Pap)
PFT, = Y L(p) x PLT (5)

p=I

(N(P,,) x CRNT, + N(p2p)

m=1

x CONT,, +FT,,) x (6)

PAT = N(P,p) x CRNT, + N(p2p) x CONT,,,, + N(p2m)
x CONT,5,, (7)

MAT = N(m) x CRNT,, + N(m2m) x CONT,»,,  (8)

N(nr)
SFT = ) FT, (9)
r=1
PFT
BUF, = STK; x ! (10)
N(P3p)
PAT
BUF, = STK 11
2 STy, "

Cost Estimation

A parametric approach was used to estimate the construction total
cost using hourly cost rates and area cost rates of the fabrication,
shipping, assembly, and finishing steps for the considered modu-
larization solution. Eqgs. (12)—(16) were formulated to calculate TC
based on the following reasoning and assumptions:

04024098-10

As shown in Eq. (12), TC is made up of fabrication cost, fin-
ishing cost, assembly cost, and shipping cost.

The fabrication cost includes wall panel cost ($/m) and floor
panel cost ($/m?). Both the wall panels and floor panels include
the panels used for VM and panels for nonvolumetric rooms.
The fabrication cost calculation in Eq. (13) accounts for the
doubled floor panels usage in a volumetric room by duplicating
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Fig. 13. Floor panel duplication in VM.

the area of such a room A(m), as shown in Fig. 13. A fully
panelized prefabrication approach would provide material and
fabrication savings by avoiding the need to duplicate the walls
between volumetric modules.

* The finishing cost is calculated using Eq. (14) for the VM and
nonvolumetric rooms. Considering the former work is done off-
site, an off-site relative unit rate factor (/3) is multiplied by the
finishing cost rate (FC,,) for VM. As such, a fully volumetric
approach results in the least finishing cost due to the off-site
production efficiency advantage.

* The assembly cost is estimated using Eq. (15) by multiplying
the assembly times of the panels (PAT) and the modules
(MAT) with their assembly crew cost rates, PACR and MACR,
respectively.

* The shipping cost is estimated by the number of trucks needed
and trucking round-trip cost (TRC). A truck can take either a
VM unit or its truck capacity load (TCP) of stacked panels.
From a shipping-cost perspective, a fully panelized prefabrica-
tion strategy is favorable by saving on the truck trips

TC = Ciyp + Chinish + Cassembly + Cship (12)

L(p)) x PLC

m=1 p=I p=1

N(m) N(nr)
+ (2 x> Am)+ > A(r)) x FLEC  (13)

m=1 r=1

N(m) N(nr)
Crnish = »_ A(m) xFC,, x B+ Y A(r) xFC,  (14)
m=1 r=1

Cassembly = PAT x PACR + MAT x MACR  (15)

N(Pap)

TCP > x TRC (16)

Conip = (N(m) +

Implementation and Performance Demonstration

The proposed methodology was implemented as an Autodesk Revit
version 2024 plug-in and demonstrated via an illustrative case
study of a residential project. The plug-in was developed in C#
within Visual Studio 2019 from scratch. A conceptual unified
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PLT population_size

CRTp crossover_probability
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ExportToCSV() ChangeElementColor()

Fig. 14. UML class diagram of the plug-in design.

modeling language (UML) class diagram for the plug-in design
is shown in Fig. 14.

First, manufacturing process and cost parameters were entered
as input. Second, the floor plan data, including wall properties and
wall-to-wall adjacencies and angles, were extracted using Dynamo
scripts and then converted into graph models using NetworkX,
with nodes representing walls and edges denoting wall-to-wall
connections. The attributes of nodes indicate wall properties, and
the attributes of edges represent the angles between connections.
Third, the plug-in fed user inputs regarding the manufacturing pro-
cess, cost parameters, and floor plan data to the graph-based genetic
algorithm to retrieve the optimal modularization solutions. The
Revit application programming interface (API) was used to locate
elements using Autodesk.Revit.DB.Elementld and color the VM
units and PW units separately using Autodesk.Revit.DB.Override-
GraphicSettings. Users can view each generated solution in detail
because its module assignment geometry can be visualized in real
time, as shown in Fig. 15.

Due to the lack of similar hybrid modularization methodologies,
a hypothetical project was introduced in this study to validate the
proposed methodology by assessing the confidence in its causal
modeling relations. Fig. 16 represents the floor plan of the case
study, which resembles a residential unit design obtained from
the Internet. The floor plan exhibits some complexity of real-world
projects within a limited size, which aligns with the verification and
face validation approaches (Lucko and Rojas 2012) in existing lit-
erature (Shewchuk and Guo 2012; Anvari et al. 2016; Almashagbeh
and El-Rayes 2021).

The project was modeled in Revit, where the rooms were clas-
sified as three wet rooms and nine dry rooms. The design information
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Fig. 15. Graphical user interface (GUI) of the plug-in.
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Fig. 16. Residential floor plan of the application case study.

included room areas, room types, wall IDs, wall length, and wall-
to-wall connection angles, which were extracted from Revit. The
input values of the manufacturing process and cost input parame-
ters are given in Table 2. Although these numbers are meant for
illustrative purposes, they were average estimates of the observa-
tions from a set of industry references and various literature
reviews. The cost-related parameter values were based on RSMeans
detailed building data (RSMeans 2018) and unit area cost data
(RSMeans 2022).

On the other hand, the time-related parameter values were based
on a set of previous studies that analyzed the production of panelized

© ASCE
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and volumetric fabrication and installation processes (Shewchuk and
Guo 2012; Ayinla et al. 2022; McGraw-Hill Construction 2011;
Forsythe and Sepasgozar 2019; Boafo et al. 2016; Xu et al. 2020;
Duncheva and Bradley 2019). Future modular builders could replace
them with their own specific costs and productivity rates to generate
results relevant to their own context.

The genetic algorithm was encoded in the backend using the
Pymoo package version 0.6.1 (Blank and Deb 2020b). Following
the suggestions given by Deb et al. (2002), the following values were
set for the genetic algorithm run parameters: population size = 400,
crossover probability = 0.9, mutation probability = 1/40, and
maximum number of generations = 100. A running metric (Blank
and Deb 2020a) was used to check the convergence of the genetic
algorithm search by tracking the difference in the objective space
from one generation to another. The detailed intermediate and final
output, including the decoded solution chromosomes and their
objective functions, were saved in a log file for verification and re-
porting purposes. The model verification was performed internally
by the researchers (Lucko and Rojas 2012) by checking the log files
and visualizing the results (modularized floor plans and the Pareto
curve of the optimal solutions) to confirm the correctness of the
model procedures and calculations.

Results

The solutions were plotted using a Pareto front graph (Fig. 17) to
visualize the trade-offs between minimizing the construction dura-
tion and cost. From the Pareto front, the shortest-time solution was
the fully volumetric solution [Fig. 18(a)], where 11 VM units were
used to construct all rooms that match the topology of the consid-
ered parametric module. The lowest-cost solution utilized a fully
panelized approach [Fig. 18(b)], where straight wall segments were
merged as panels and no VM units were used.

Following the Pareto front from the top left corner to the bottom
right corner, solutions with faster durations can be achieved by uti-
lizing more VM units to construct the given floor plan in an optimal
manner. The Pareto front curve followed a ladder shape, where each
drop represents the addition of a VM unit to the modularization
strategy. After a VM is added, other optimal modularization strat-
egies were differentiated by (1) changing the topology type of the
VM units (four-sided or partially open-sided), and (2) for partially
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Table 2. Input parameters of the case study

Input parameter description Input parameter Value Unit
Capacity of fabricating panel PLT 0.1 Hours/meter
Truck capacity load of panels TCP 8 Panels/truck
Off-site relative unit rate factor 16} 75 Percentage
Crane lifting time per panel CRNTp 0.1 Hours
Crane lifting time per module CRNTm 1 Hours
Time of panel-to-panel connection CONTp2p 0.1 Hours
Time of panel-to-module connection CONTp2m 0.5 Hours
Time of module-to-module connection CONTm2m 1 Hours
Finish time of a dry room FT 24 Hours
Finish time of a wet room FT 40 Hours
Fabrication cost for a panel linear unit PLC 50 $/meter
Floor panel fabrication cost FLFC 217 $/square meter
Finish cost rate of a dry room FC 590 $/square meter
Finish cost rate of a wet room FC 1,554 $/square meter
Panel assembly crew cost rate PACR 400 $/hour
VM assembly crew cost rate MACR 800 $/hour
Trucking round-trip cost TRC 950 $/truck-trip
Panel stocks STK; and STK, 4 Panels
) o open-sided VM units, changing the location of the module open
350 - —> Fully panelized solution [Fig. 18(b)] . . . .
@ Non-dominated solutions side. The algorithm completes the modularization plan of each
340 4 ® Feasible solutions solution by merging the wall segments of the nonvolumetric rooms
into PW units according to the shipping constraints. For example,
830,11 when the number of VM equals three, the algorithm can identify
~ 5l which three rooms should be modularized first. In this case, the
3 VM units were assigned to the three bathrooms in the floor plan
> 310 [Fig. 18(c)]. The model prioritized the bathrooms to modularize
E . as VM units due to their high finishing cost ($1,554/m?) compared
2005 with other dry spaces.
o . For this specific illustration project case, the trade-offs between
Fully modularized solutioh [Fig. 18(a)] time and cost for modularized solutions are analyzed in more detail.
280 4 3 VM solution [Fig. 18(c)] . Fig. 19 depicts the change of the contribution of the off-site work
. : . (fabrication) and onsite work (assembly and finishing) to the total
2105 ' ‘ . ' ' . duration over the modularization strategy spectrum. The contribu-
190000 200000 210000 220000 230000 240000 tion of the fabrication to the total duration dropped from 96% in the
Cost (USD) fully volumetric solution to 10.4% in the fully panelized solution.
Fi . This is due to the fact that less work is externalized to off-site fab-
ig. 17. Pareto front view. .. . . . . .
rication when the project scope is modularized into less volumetric
| |
| |
| |
(a) (b) (c)
Fig. 18. (a) Fully volumetric solution (11VM); (b) fully panelized solution (OVM); and (c) three-VM solution.
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Fig. 19. Contribution of the off-site (fabrication) and onsite (assembly and finishing) work to the total duration of the Pareto optimal solutions.

modules. As such, the off-site fabrication efficiencies were lost with
the decrease of volumetric modularization, which resulted in an
increase of the total duration.

On the other hand, varying trends were realized when observing
the change of fabrication, finishing, assembly, shipping, and total
cost over the modularization strategy spectrum, as shown in Fig. 20.
For this illustration project case, changing from a fully panelized
strategy to a fully volumetric strategy resulted in (1) a 62% increase
in the fabrication cost due to the duplication of walls between the
connected modules, (2) an 18% savings in finishing cost due to the
realized efficiencies of performing this work in a controlled off-site
environment, (3) around a 10-fold increase in the assembly cost
due to the increased rigging and connection time, and (4) around a
threefold increase in the shipping cost due to the increased trucking

B Fabrication [ Finishing
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$100.000

trips of volumetric modules. As such, the increases in fabrication,
assembly, and shipping costs outweighed the cost savings of the
finishing work and resulted in increased costs for the increased level
of volumetric modularization.

Sensitivity Analysis

A sensitivity analysis was performed to further validate the pro-
posed methodology by assessing the sensitivity of the time and cost
evaluations to changes of the input parameters. Sensitivity analysis
is useful to assess the influential model parameters and apportion
the model’s sources of uncertainties (Razavi and Gupta 2015).
The analysis was designed to assess the variations of the input

Assembly [l Shipping
Fully
m»  Modularized
$223,876

Fully
Panelized

$186,494

$150,000 $200.000

Fig. 20. Contribution of the fabrication, assembly, and shipping to the total cost of the Pareto optimal solutions.
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parameters from their base values list in Table 2, which were
changed one by one for two scenarios representing the upper and
lower bounds of the value variation. A total of 15 input parameters
were considered: seven time-related parameters (CONTmM2m,
CONTp2m, CONTp2p, PLT, CRTm, CRTp, and FT), seven
cost-related parameters (FC, FLFC, MACR, PLC, TRC, TCP,
and PACR), and the relative unit rate parameter (3). To enable a
sufficient exploration of the model sensitivity, +50% and —50%
variations were considered for the upper- and lower-bound scenar-
ios, respectively, for each input parameter. In addition to the already
analyzed base-case scenario, the methodology was applied for 30
additional scenarios for the upper- and lower-bound changes of
the considered 15 input parameters. An exception was applied to
the relative unit rate parameter (), where the upper bound was set
to its maximum value of 1, indicating that no production efficiency
gains with off-site operations relative to onsite. The results were
recorded, presenting a comprehensive understanding of how each
parameter, when individually altered, influences the overall optimi-
zation outcome.

The time and cost evaluations were found to be sensitive to
changes in the parameters related to the finish work, the floor panel
fabrication and the off-site work relative unit rate. Fig. 21 shows the
sensitivity spider plots for the minimal total duration (TD) and total
cost (TC), where the horizontal axis lists the three input parameter
cases (lower bound, base, and upper bound) and the vertical axis
relates to the time and cost values when changing each individual
parameter [Figs. 21(a and b), respectively].

First, the time evaluation was found to be sensitive to the
changes in FT and the off-site relative unit rate (/). For all other
variables, the range of the TD value change was 0.6% to 2.6%,
which is not significant over the considered 50% variation bounds.
The TD value was found to be positively correlated to FT because it
increased by 47.8% at the upper-bound value of FT and decreased
by 49.3% at the lower-bound case. A similar positive correlation
was observed between TD and [, except a smaller TD change
was observed at the upper-bound value (27.6%) due to the smaller
positive variation considered for B (100% instead of 1.5 x 75%).

Second, the cost evaluation was found to be sensitive to the
changes in the finish cost (FC) and floor panel fabrication cost
(FLEC) parameters. Similar to the impact of FT on TD, the varia-
tion of FC had a significant impact on the project TC compared
with other parameters. TC dropped by 35.6% when using FC’s
lower-bound value, and increased by 34.8% when using its
upper-bound value. FLFC had a very similar impact on TC when
using its upper-bound value, but its lower-bound value resulted in a
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smaller drop in TC (—11.5%). When examining the detailed output
of FLFEC’s lower-bound case, the generated fully volumetric solu-
tion had 10 VM units (compared with 11 VM units for the base and
upper-bound cases). It appears that the lower-bound case of FLFC
passed a breakeven point where merging the wall segments into
larger PW units resulted in a more dominating solution (i.e., shorter
duration time or lower cost).

Discussion

The example results affirmed that the proposed method is helpful
for building construction managers to visualize and understand the
trade-offs between construction time and cost with the varying
modularization degrees and the amount of off-site work. A fully
volumetric solution accelerates the construction schedule due to
the time savings that are achieved from the off-site fabrication ef-
ficiencies. On the other hand, a fully volumetric solution increases
the construction cost due to the need for more truck loads and the
redundant material use for wall and floor panels. However, the ob-
served time-cost trade-off may be limited to the analyzed example
and the estimated time and cost parameters. A different floor plan
with a complicated layout may increase the cost of panelized so-
lutions due to the use of shorter panels, or reduce the cost of a fully
volumetric solution by fabricating the VM units in a mobile site
factory and skip the need for their costly shipping.

In previous studies, the application of DSM and clustering al-
gorithms has been demonstrated in MEP systems and housing
units, as explored by Samarasinghe et al. (2019), Sudrez et al.
(2023), and Isaac et al. (2016). However, these studies were limited
to cluster modules by interdependencies, without considering de-
sired topological structures in floor plan modularization. Our work
aligns more closely with the domain explored by Said et al. (2017),
Almashagbeh and El-Rayes (2022), and Ghannad and Lee (2023),
who specifically focused on floor plan optimization. Unlike their
works, which were confined to the use of single typologies of mod-
ules, such as VM or PW exclusively, our approach could integrate
the VM and PW to improve the design modularization process
while considering the time and cost implications. This not only
benefits the designers to utilize topologically standard modules
to allow for floor plan design variety and flexibility but also enables
the manufacturers to quantitatively evaluate the optimal hybrid use
of volumetric and panelized modules in different projects.

The main contributions of this study are threefold. First, the new
computational methodology provides a novel modularization
approach that identifies the building modules considering their
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Fig. 21. Pareto front sensitivity to the changes of the input parameters: (a) total duration; and (b) total cost.
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desired topological structures instead of their mere connectedness.
Second, the presented methodology allows a balanced approach of
modularization that utilizes topologically standard modules to
allow for floor plan design variety and flexibility. Third, the devel-
oped time and cost metrics enable the manufacturers to quantitatively
evaluate the optimal hybrid use of volumetric and panelized modules
in different projects.

Research Limitations and Recommendations

The extensive enumeration of the volumetric modular construction
benefits and barriers was not fully considered in this study, which
may also alter the observed time-cost trade-offs or require the con-
sideration of additional trade-off analysis dimensions. The formu-
lation of the time and cost optimization functions did not consider
some potential indirect benefits of fully volumetric solutions, in-
cluding (1) economy of scale in manufacturing of multiple repeated
VM units (Lawson et al. 2012), (2) the improved product quality of
off-site fully fabricated and finished modules (Kamali and Hewage
2016; Lawson et al. 2012), (3) reduced safety issues due to better
ergonomic conditions of off-site production and the reduce onsite
work scope (Al-Hussein et al. 2009; Lawson et al. 2012), (4) the
waste generation reduction that can be achieved from off-site
manufacturing (Loizou et al. 2021; Quale et al. 2012), and
(5) the reduced embodied energy and carbon footprint of off-site
construction (Aye et al. 2012; Hammad et al. 2019). In terms of
barriers, many studies have mentioned that VM requires a high
initial investment to own and operate a modular factory (Ferdous
et al. 2022; Liew et al. 2019; Pan et al. 2018). However, most
aforementioned studies relied on industry reports or case studies.
To support a computational modularization approach, more general
quantifiable metrics are needed.

The topologies of panels, VM, and connections modeled in this
study are not sufficient to represent the product variety in off-site
construction. For instance, the topology of panels could be further
categorized into (1) panels with openings and without openings,
(2) sloped panels and flat panels, and (3) exterior panels and
interior panels, ending up with different production times and costs
(Said et al. 2017). Besides, this study only took angles as connec-
tion properties. Connections with specific design requirements
(e.g., fire resistance, insulation, or structural capacity) can be ex-
plored and modeled in future studies by representing these attrib-
utes using node attributes and edge attributes.

This study assumed a one-to-one mapping relationship between
rooms and VM. In other words, a room can be built using only one
module, and a module does not include multiple rooms. One-to-
many and many-to-one relationships between rooms and VM units
could support a more flexible floor plan design. For instance, a
large open space could be built with multiple open-sided VM units
(one-to-many), whereas an entrance, a bathroom, and a living room
could compose a studio VM (many-to-one).

Future work is needed to solve these limitations. First, product
diversity, such as material type and geometry, should be considered
in the module representation process. These features could be
stored as node attributes in the graph models. Second, the one-to-
many and many-to-one relationships between rooms and VM units
could be encoded as graph rewriting rules. Graph rewriting rules
concern the technique of creating a new graph out of an original
graph algorithmically (Courcelle 1990). For example, a large open
space as the input graph node could be translated to multiple output
nodes representing the combination of the VMs.

Third, apart from the production time and cost, other project
performance regarding modular construction could be explored,
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such as disassembly complexity. A floor plan design with varying
degrees of modularization might result in a different disassembly
process and amount of waste generation (Arisya and Suryantini
2021). Multiobjective optimization could be used to generate
designs that meet the project performance objectives.

Finally, a case-based study should be performed to assess the
usefulness and practicality of the proposed methodology by imple-
menting it in an actual modular building project and collecting
structured feedback from the project’s manufacturer and team.
Stochastic or fuzzy modeling can be implemented to expand the
proposed methodology to consider probabilistic or vague values of
the input parameters.

Conclusions

This study proposed a graph-based hybrid modularization opti-
mization methodology for building floor plan designs. The floor
plan and hybrid modules (panels and VM) were encoded via
graph-based modeling. Building upon construction cost and time
calculation, optimal module assignment plans were generated
via genetic algorithms supported by graph operations. A Revit
plug-in implementing the methodology was developed to support
real-time interactive design and decision-making processes.

The approach solved three research gaps. First, previous studies
did not take topological constraints into the modularization process.
Topological constraints guarantee the structural integrity, transpor-
tation, and assembly feasibility of the generated design. Off-site
construction uses two main products, panels and VM, which have
more diversity, such as four-sided VM and partially open-sided
VM. This study modeled the topological constraints by graphs, and
the constraints were checked through the graph pattern-matching
process. Assemblies that match the graph-based topologies were
identified as potential VM or PW.

Second, by formalizing topological constraints early in the de-
sign process, this approach can generate modularized solutions that
are not limited to a unique topology. More topologies of VM would
achieve a higher level of design flexibility and better optimization
results. Third, this study integrated both panels and VM to fit the
design requirements. Given a floor plan, the generated solutions
range from a fully panelized design to a fully volumetric solution.
Decision makers are supported to balance the cost-time trade-off
in an interactive design environment. This trade-off was examined
in the illustrative example, where a fully volumetric solution was
23% faster than the fully panelized solution but was 22% more
expensive.

In conclusion, the present study automated and optimized the
process of how a customized design could be produced using a
mass production approach during the design development stage.
It supports the decision-making process of off-site construction
projects at the early design phase while encouraging further re-
search in this field.

The findings of this study can prove useful for modular and
off-site building manufacturers to improve their agility and increase
their market share. This study provides a novel computational
methodology to explore the optimal balanced utilization of volu-
metric and panelized prefabrication approaches. Manufacturers
do not need to be confined by a single prefabrication approach that
limits their portfolio to a limited scope of the project (i.e., the pan-
elized approach) or a limited industry segment (i.e., the volumetric
approach). As such, the manufacturer with hybrid modularization
operations will be more agile to satisfy the unique design require-
ments of different market segments and individual projects.
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Notation

The following symbols are used in this paper:
A(X) = area of element X (m?);
BUF, =time buffer between the panel fabrication and their
volumetric module fabrication (h);
BUF, = time buffer between the onsite panel assembly and their
rooms’ interior finishing (h);
Cassembly = Cost of assembling the panels and volumetric
modules ($);
Cp = cost of fabricating the panels and volumetric
modules ($);
Chinish = cost of interior finishes done off-site and onsite ($);
Cipip = cost of shipping and handling of the panels and
volumetric modules ($);
CONTy =time of connecting X (h/connection);
CRNTY = crane lifting time per X (h/element);
FCy = finish cost of room or VM X ($/m?);
FLFC = floor panel fabrication cost ($/m?);
FTy = finish time of room or VM X (h);
L(X) =length of element X (m);
M or m = volumetric module (VM);
MACR = VM assembly crew cost rate ($/h);
MAT = module assembly time onsite;
MFT = volumetric module fabrication time that includes the
wall assembly and interior finishes (h);
m2m=VM to VM connection;
N(X) = quantity of element X (count);
nr=nonvolumetric room;
P or p=panel;
P>p =panel for nonvolumetric rooms;
Psp =panel for VM;
P,, =panel for VM m;
PACR = panel assembly crew cost rate ($/h);
PAT = panel assembly time onsite (h);
PFT, = panel fabrication time for the wall panels that will be
used in volumetric module fabrication (h);
PFT, = panel fabrication time for the wall panels that will be
assembled on site for the panelized scope (h);
PLC = fabrication cost for a panel linear unit ($/m);
PLT = panel unit length fabrication time (h/m);
p2m = panel-to-VM connection;
p2p = panel-to-panel connection;
r =room;
SFT =site finish time, the total time to finish the interiors of
panelized rooms (h);
STK, =inventory buffer of panels between their fabrication and
their use in volumetric module fabrication (panels);
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STK, = inventory buffer of panels between their onsite assembly
and the interior finishes of their rooms (panels);
TAF = total assembly and finish time onsite (h);
TCP = truck capacity load of panels (panels/truck);
TFB = total fabrication time of prefabricated units (panelized
and volumetric) (h);
TRC = trucking round-trip cost ($/truck trip); and
(3 = off-site relative unit rate factor (%).
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