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ABSTRACT

Prefabricatiorhas beemecognized as highly promisingconstructionrmethod o fulfill
the growing expectationsf both government and industry iarms ofenhancingthe
productivity, quality, and sustainabilityof constructionactivities. Despitethe numerous
benefits of prefabricated constructi(ag.,less greenhouse gamission lower energy
consumptionreducedon-site labor demand, and enhanced construction efficjetioy
adoptionof prefabricaibn in reatlife building projects remainat a low level owing to
cost, technology, knowledge, andpolicy-related factorsThe greatest deterrent tioe
promotionof prefabrication, awidely perceivedy academia and industig,high costs,
which discoura@ practitioners from embracing this innovatitechnology Although
governmentsn different countries and region@ncluding Singapore, China, and Hong
Kong) haveimplementedncentive policies t&ncouragehe useof prefabricationand
the global construction industry hasleasedguiddines to provide suggestion®n the
management girefabricatedomponent$PCs) currentmeasures and recommendations
are proposednainly based orpractical experience and industry expertibe.facilitate
the sustainable development of the construction industry cituidal to developmore
scientific approachego designeffective countermeasures that can hetpctitioners

overcone variouscostrelated challengesf implementingprefabrication.

Motivated by tle practicalneed of both governments and industtlyis study aimsto
increag the adoption of prefabricaion in the constructionindustry and eas the
restrictions orPCand moduldransportation. This is achievétrough themathematical
optimization of several theoretically interesting and practically importdatision

problemgelated tqorefabricatioradoption Theobjectivesof the studyareto (i) propose
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effective government subsidy schemes to offset the highioasised by the use ¢fCs
and moduleg(ii) develop logistics plarsccording tdhe characteristics of different types
of prefabricated product® reduce transportation cos{si) validate the effectiveness
and applicability of the proposed methodolagyarious countries and regioasingcase
studies of Hong Kongand (iv)proposepolicy recommendations and managenalghts
for both government and industry to enhance the sustainadjilityy constructiosector
Practical decision problems are formulated insghmematical modelsith highprecision,
clarity, and brevity and then efficiently solved by higjuality algorithms developed in
this studyDataused inexperimental validatiomainly originatefrom official documents

iIssuedoy government departments and @eanstruction hdustryCouncil of Hong Kong.

In this study, useful mathematical optimizationools are developedhat canhelp
government$ormulatean effectiveprefabrication subsidgchemend help practitioners
generate optimal PC stacking and transportation pResultsshowthatthe proposed
methodologyprovides a framework for automatic calculations and enables the derivation
of optimal solutions in realorld settings within secondsloreover, he findings ofthis
studyindicatethe following: (i) Full consideration othe trilevel inteactive relatiors
between governments, manufacturers, and contraistersicial fordesignng effective
prefabrication subsidy poles.(ii) High land costs a huge obstacke the establishment

of local prefabrication factoriesvhich further hindeis the promotion of prefabrit@an.

(ilf) Formulating panel and slab stackipgoblems into bobjective models can help
practitioners balance traadfs betweertwo objectivesyesulting inmore satisfactory PC
stacking plans(iv) Compared withthe justin-time strategy the reservation ofn
appropriate ossite storage arezan lower the module transportation costs by substantially

reducing the number of module shipment days
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This study makes theoretical and practical contributions towite promotion of
prefabricationlt represents an interdisciplinary investigatibatinnovatively integrags
knowledgefrom construction management, policy design, and transport planAing.
theoreticaldecisionframeworkthatincorporaésa wide range of factors and objectives
into the formulation of optimization problenssproposed, anefficient solution methods
aredevelopedor problemsolving. Moreover, this studganenhancehe collaboration
betweengovernmerdg and variousstakeholders for the sustainable development of the
construction industryThe Hong Kong case studidemonstratéhatthe developedools

can be generalized and applied to various-wemld scenariosparticularly thosethat
camot be adequately addressegii r ul e o &ppraatheswingto significant

deviatiors from optimal solutions.

Overall, ths study lays the grounsvork for adopting mathematical optimization
methodology in constructioand engineering managemgaitningto achievanaximum

levels of economic and environmenparformancen the constructiorsector
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Chapter 1: Introduction

1.1 INTRODUCTION

This chaptemtroduceghebackground, presentiseresearctproblem andjuestions, sets
theaim and objectives, justifigheresearch significance and values, and provédesar

thesis structure.

1.2 BACKGROUND

The construction industris widely perceived asn economicpillar in mostcountries
whichcontributeas ppr oxi mately 9% of the woEVeWo6s gr o:
in thepandemicera thesectorcontinues tdold significant GDP shara: 6.9%in Ching
5% in Spain and4% in the United State@JS) (Statista, 20222023, 2023h. Given he
pivotal role of the constructiaectorincreasng emphasifhas been devoted maitigating
theenvironmental, social, and tinrelated challenges it currently facés thepromoton

of sustainable development

According toUnited Nations Environment Programme (2028 corstructionindustry
is the largest carbon emitter and energy consuragponsible for 37% of global carbon
emissions an@4% of global energgemand. Every yearapproximately4 billion tons
of solid demolition waste igeneratedy civil activities (The World Counts, 2023and
this figure isincreasingapidly. It is estimated thaty 2025,the amount of construction

waste generatedill bedoublethe2017 level (Transparency Market Research, 2018).
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In addition tothe environmental footprinbf civil activities, there are social concerns
regarding theadverseimpact of constructionvork on the lives ofon-site workers and
surrounding resident#s the construction sector involvegensivephysical workin an
outdoorsetting construction workers suffer from more frequent injuries and accidents
thanemployees in other sectofiiternational Labor Organization, 1992; Construction
Industry Council[CIC], Hong Kong,2017b; Canadian Centre for Occupational Health
and Safety, 2021There arenore tharl50,000 construction workers get injugathually
with 3.5 out of every 100,000 injured workers experiencing fatal{li#sted States
Department of Labgr2020. Civil activities not only expose workers to high risks of
injury anddeathbut alsoresult in air and noise pollution thatpactsthe weltbeing of
the surroundingeople(Celik and Budayan, 20)6Persistenexposure topolluted air
with high levels of particulate mattagxic gasesandchemical substancesinresult in
various respiratory systendiseasessuch asasthma, bronchitis, and allergic rhinitis
(Cheriyan and Choi, 2020impairing the physical health ¢iie surrounding residents
Construction niseis another pressing social issk®r exampleover4.5 million noise
complaints are received lgpvernmentepartments at all municipal levelisChinaevery
year, withconstruction noisaccounting for 1.3 million of trese complaintgMinistry of
Ecology and Environment, China, 2028)trusive construction noiggoses a threat to
the quality of life for surrounding individuaglasit canincrease thédikelihood of sleep

disorders and psychologigaiessurédMonazzam et al., 2022)

Restrictng construction hoursan bean effective wayto enhance acoustenvironmental
guality (CIC, Hong Kong, 2028; however, this approathggersnewchallengeselated
to productivity(becauseeducingon-site constructiorhoursextendshe period required

to complete the same amount of workhis, in turn, will increase the overalojectcosts
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and hinder the timely return on investmefhe vulnerability ofon-site activities to

inclement weatheronditionsfurtherexacerbatsdelays inconstructiorprogress.

Currently, the construction industry has been undereasingpressure to actively seek
solutionsto improve environmental friendliness, social responsibility, and operational
efficiency. With the advancements in precast teche® in recent yeardyuilding
products (e.g., slabs, panels, and volumetric modules) can be manufactured in a well
controlled environment and then transported to sites for assembly and installation (Jaillon
and Poon, 2008; Li et al., 2014is innovative technology, known as prefabrication, is

an effective solution t@ddresshe environmental, social, and operatiortdlallenges
facing the traditional construction industag it is commonly regarded as a greener, safer,
and faster approac¢hanthetraditionalall-in-situ construction methdIC, Hong Kong,

2018; Development Bureau, Hong Kong, 2018; Building and Construction Authority

[BCA], Singapore, 2023.

Table 11 showsthe rates of improvements achievitdough prefabricaibn, with the
performance ofall-in-situ construction as the benchmatk terns of environmental
footprint, prefabricsion achievesnotable reductionin carbon emission§15%i 40%),
energy consumptiofil1%i 20%), and wastegenerationand resourc&epletion(15%
36%). In terns of socialimpacs, prefabrication redussconstruction noisend dustby
21%and34% 43%,respectivelytherebyminimizing theimpactof civil activitieson the
surrounding livesAdditionally, prefabrications expected talleviatelabor shortageby
16% 20% as mostlaborintensive construction workare transferredo automated
manufacturing factoriedn terms ofproductivity, prefabricationis exempt fromsite

disruptionresulting frominclement weatheandall precastproductscan banstalledinto
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their target positions in a Legike manney therebyimproving constructionefficiency
(8% 30%) and shorteng overall project duratios(15%i 30%).Given headvantagesf
prefabricagd constructionover conventionalcastin-situ constructionthe former isa
highly effectiveapproacho fulfill the growing expectations famprovingsustainability,
quality, and productivityn the construction industi@CA, Singapore, 201 Hwang et

al., 2018; Zeng et al., 2019).

The benefits of prefabrication hapeomptedgovernments in numerous countries and
regions, such as the3,JSingapore, Australia, Japan, China, and Hong Kong, to promote

its widespreadapplication (Department of Industry, Science, and Resources, Australia,

2019; Ministry of Housing and UrbaRu r a | Devel opment of the Pe
China, 2022a; BCA, Singapore, 2023c; Japan Prefabricated Construction Suppliers and
Manufacturers Assci at i on, 2023; The Chi ef Executi ve

Kong, 2023 United States International Trade Commission, 20R28%pite the positive
attitudes of governments, the rdi& implementation of prefabrication in worldwide
building projects mmains quite low. Currently, a prefabrication adoption rate of 20% is
considered worldeading (Goulding and Rahimian, 2020), as the rate of prefabricated

construction in most countries and regions is below 10%.
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Table 1-1: Prefabrication vs. traditional constructido@nefits and improvement rates

Benefits of prefabrication Improvement rates References

g (1) Reduced carbon emissions 15% 43% Teng et al. (2018), Hao et §2020), Wang et a[2022)
L O
g % (2) Low energy consumption 11%i 20% Zhu et al. (2018), Du et g2023)
=0 . .
2 | (3 Minimized construction wastes al 45443604 Tumminia et al. (2018), Lu et al. (2021), Hu et al. (2022)
L resource depletion

(1) Enhanced control afoise and air tc 21% (noise),
=3 minimize the impact on surroundi;ig|  34% 43% (air) Shen et al. (2019), Zhou et €2022), Loo et al. (2023)
o ®
3 © | (2) Decreased osite labor demand 16% 20% Jang and Lee (2018), Zhang et al. (2018)

(3) Increased safety asécurity N.A. Liu et al. (2021), Wong et al. (20213hen et al. (2022)
I (1) Enhanced construction efficiency 81 30% Jang and Lee (2018), Jiang et al. (2919
E o
QO o o : . .
© © (2) Mlnlmlzed site disruption (e.g., due N.A. Jiang et al. (2019, Ekanayake et al. (2021), Yazdani et al. (20
g2 inclement weather)
© (3) Shortened overall project period 15%i 30% Zhang et al. (2018pPu et al.(2023)

§ (1) Improved quality control N.A. Gao and Tian (2020), Wong et al. (2021), Liu e{2022)
o} (2) Opportunities of reuse 90% Yu et al. (2021), Li et al. (2023)

Notes (1) The columrfi i mp r o v e mmrdicdtes thearangeaxf ilmprovementhrough the adoption of prefabrication by setting the performantcadifionalcast
in-situ constructionasthebenchmark Entri es wi th AN. A. 0 i mpl y t hpedsentedmpercentagefeEnteénsivie studieshhave e
examined the rates of improvement, and the table only lists some highly cited empirical studies published from 2018 tef2fig& as.
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For exampleJapan and Sweddeature relativel\high adoptionrates, at20% and 3%,
respectively Theadoptionrates in Germanythe United Kingdon{UK), and the & are

9%, 8%, and 7%,respectively(Sherfudeen et al., 201&teinhardt and Manley, 2016
The Times, 202R Construction industry itHong Konghasbeen adoptingrefabrication

for overthree decade£hiang et al., 208), butits adoption hastill not reached the level
expected by the Hong Kong governmeBtery year,the Hong Konggovernment
emphasies the promotion of this innovative construction method in its Policy Address
(The Chief Executiveodos 2023HoWeavdr,bdatethdddr es s,
application of prefabricatiomn Hong Kongis still limited. A questionnairesurvey
targeting 2,000 professionals in Hong Kong (involvaugstructioncontractors, private
developers, ancemployeesin government departments ambnsulting companigs
confirmedthat althouglan overwhelming majority afonstructiorcontractorgmore than
88%) highly appreciatedhe benefits ofising prefabricated construction, only a small
fraction of them(less than 25%Mhad implementedhe techniquen the past two years

(CIC, Hong Kong, 2013).

To encourage practitioners &mbracethis sustainable constructidechnology it is
necessaryo investigatethe potentialhindrance thatleadtop r a ¢ t i relucanoetor s 0
applyit in reatlife practicesandfurther formulate effective countermeasureadadress
thesebarriers Extensive studiebave highlightedthatthe promotionof prefabricatioris
constrained by wide range ofactorsrelated tocost(e.g.,high initial costsadditional
logistics costy, technology (e.g., lack of industry norms and standandiexibility in
design changeknowledge (e.qg., lack of professional cognition and practical experience),
and policy(e.g.,lack ofgovernmentncentivepolicies (Li et al., 202b; Lin et al., 2022;

Liu et al., 2028).
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The greatest deterrentttoe widespreadadoptionof prefabricationas widely recognized
by both academia and industris its high costs(Hong et al., 2018; Zhang et al., 2018)
CIC (2018) indicatedthatthehigh costs of prefabricatidmaveled practitionergo adopt
an excessively cautious attitude toward ttgshnology. Moreoverthe hesitationof
stakeholderge.g., manufacturers and contractarsiild discouragehe establishmenof
astablelocal supply-demandnarketfor prefabricated constructioAlthough this report
was publishedby the CIC of Hong Kong, costrelated challenge of prefabricad
constructionareconsidered avidespreadssuebeyond the local contextf Hong Kong
(Shang et al., 2021; Lin et al., 2024u et al., 2028). For example,lte Construction
Industry Development Board in Mafsia(The Malaysian Reserve, 20hiyhlightedthat
thelukewarmattitudeof practitionersoward prefabricatiowas a result of theeavycost
burdensTo be more gecific,thehigh coss of prefabrication discourage contractors from
voluntarily adopting thisechnology(Hong et al., 2018; Zhang et al., 2Q01Burthemore
owing to the limited demand from contractors, manufactuherge little incentiveto
establish factories fgroducingprefabricategroducts(Yi et al., 202). To alleviate the
economic challengposed byprefabricated construction, it isrucial to analyzethe

various types of costs borne by manufacturers and contractors.

From the perspective of manufacturdvghinitial coss and pooreconomies of scakere
hugeobstacledo the establisiment oflocal prefabrication faories(LPFs)(Han et al.,
2017) Theinitial costs required to construgprefabricatiorfactory (PF) areextremely
high. The useof fabricaing molds, thenvestment imquality testing equipment, and the
needfor supporting servicelead toheavycost burdes on manufacturer§Zhang et al.,
2018).Recent facilities developed in theSlLthe UK Singapore, and China indicate that

the investment costs for establishing a PF range from US$50 million to US$120 million,
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varyingaccording tahe size of facilities and the level of automation (CIC, Hong Kong,
2018; Bertram et al., 2019; Prefabricated Building Exp@120n addition tohigh initial

costs, achiang long-term selfsufficiencyfor established.PFsalsoposes achalleng

for manufacturersEconomies of scale require large factories and @ngn output to
ensure repeatability, learning, and volume saving on procurement (Bertram et al., 2019).
At this stage of evolutiormanymanufacturergrapple withthe fundamental dilemnat
whethertheyhave access @ reliable longiermworkloadwithin their geographic reach

to justify the establishment dfiese largescale productive plant¥hereforeto encourage

the participation ofocal manufacturers irthe prefabrication market, it isecessaryo
provide them with effective financial suppotio establish LPFs and gradually acld@ev

self-sufficiency.

From the perspective of contractatfse overall cost of prefabrication, i;m most cases,
higherthan that othe castin-situ methodAdopting prefabricaéd constructiomanlead
to an incremental cost of 48 USD¥fiHong et al., 2018; Cheng et al., 2028). analysis
of prefabricationcost breakdown reveals thremin costcomponents(i) materialcosts
(33%i 55%), (ii) labor costs (241 24%), and (iii) transportation costs%b11%)(Hong
et al., 2018)Practitionersbelieve that botlproduction and labor costd prefabrication
despitetheir largempercentagg are notcritical concernspbecaus@recast technologgan
reduceraw material waste and esite labor demandomparedwith traditional castin-
situ constructior{Zhang et al., 2018)hetransportation oprefabricated productfsom
manufacturing factories to siteshich is notpresentn castin-situ constructionis the
most importantontributorto the elevated overall cost (Jaillon and Poon, 2008; Li et al.,
2021a; Lee et al., 2022bhhe high transportation cosst attributed to the utilization of

expensive oversized vehicles (e.g., articulated vehicles flatFbed trailers) and
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auxiliary transportatiorequipment (e.g., Arames)andstrict regulations othedelively

of prefabricated productg.g.,theescort policsimposedn Singapore and Hong Kohg
Thereforeto facilitate a wider promotion of prefabricated construction, it is necessary to
design effective measures fyntractorso minimizethelogisticscostsof prefabricated

products

Given the above, prefabricated construction is a highly promising techndilaggan
effectivelymitigatetheenvironmental, social, and operational challerags®ciated with
the traditional construction industrilthough many governments/orldwide areaware
of the significance oprefabricationto thesustainable developmeat the construction
industryandaredeterminedo promote its adoptioim the constructiorindustry, thereal

life applicationis quite restrictedin currentpractices. High coss representhe greatest
deterrento the widespreadadoptionof the technologyThereforehelpng practitioners

to overcone costrelatedbarriersis vital for promoting theadoptionof prefabrication.

1.3 RESEARCH PROBLEM

This researctaimsto provide construction stakeholders, including manufacturers and
contractorswith effectivestrategies talleviae theeconomic burdenf®r them to apply
prefabricated constructioimportantly, the proposestrategies are expecteditmrease

the uptake of prefabricatiomithin the industry.

The lrgeinitial investmentin LPFsand high logistics costsof prefabricated products
increase the cost burdenson practitioners (i.e., manufacturers and contractors,

respectively (Mao et al., 2016; Luo et al., 202The research problem to be addressed

Chapter 1: Introduction 9



is thedesignof effectivecountermeasurds overcome costelated challengesosed by

prefabricated construction

1.3.1Incentive policiesfor promoting prefabricated construction

Incentive policiepromulgated by governmerdaseconsideredhe most powerfulriving
forcefor promotingthe largescaleimplementatiorof prefabrication irthe construction
industry(Concrete Institutef SingaporgCIS], 2016;Chang et al., 2016; Gan et al., 2018;
Luo et al., 202}, becausencentivescan offseta largepart ofthe high costs carried by
practitioners Policymakersvorldwide haveincreasingly appreciatdtie significance of
supportiveregulations angbolicies in boostingthe uptakeof prefabricationSherfudeen

et al., 2016;Rahim andQureshi, 2018Jin et al.,2021). A wide rangeof promotional
policies have been formulatesljch aghefloor area ratio rewardMinistry of Housing

and UrbarRu r a | Devel opment of t h2022p graspfloerds Rep
area(GFA) exemption(Land Department, Hongong, 2003, low-interest loas (Wu et

al., 2015, and taxdeductiorand exemption(Construction Industry DevelopmeRbard,
Malaysia, 2018 Despite the manincentivepolicies proposed, thealadoption rate of
prefabricated constructias still low, indicatingthatthe effectiveness dhese policies
hasfailedto meet theexpectations of the governmenksaf and Wang, 2018&;i et al.,
2019. Normally, a supportive policy is oriented to a spec#iatity. The construction
industry, however jnvolves multiple stakeholders (e.g., manufacturers, contractors, and
customers)lgnoranceabouttheir interactions can lead to inadeqakffective policy
(Zhou et al., 2019; Wang et al., 202Many studieshavehighlighted thatthe existing
prefabrication subsidframework needs to bienprovedto ensure the effegeness of

government policiegJiang et al., 2020t.uo et al., 2021). For examplgpvernment
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incentives should focus not only one stakeholder but alem the interactive relations

between different stakeholdeZhpu et al., 2019Vang et al., 2021

The first researchuestiorto be answerei$ how to design effective government policies
that considerthe interactions between different stakeholdmngl thusoffer financial
support topractitiones to offset the high costs afdloptingprefabrication Threespecific
researchquestionswill be addressed(i) What are the key objectives, decisions, and
constraints ovariousentities(governmerd, manufacturers, and contract@gj) How
can theinteractve relatons betweendifferent entities impact thé& decisionmaking
outcome? (iii) How cangovernmenincentive politesbe optimizedo derive winwin
solutions fordifferententitie? Addressing he above threeesearchguestionss crucial
to the formulaion of an effective incentiv@olicy frameworkto promoe prefabricagd

construcion.

1.3.2 Costoptimized transport planning of prefabricated products

In additionto mitigatinga portionof the high costassociated witprefabricatiorthrough
enhancedjovernmerdl supportivepolicies practitionersalsoneed toimplementcost
reduction measurdsy themselvesespecially thoséocusedon minimizing the logistics
costsof prefabricated productd.i et al., 2021a; Lee et al., 2022/ang et al., 2023.
Transport planning i® commonly usedstrategyfor coordinaing the movements of
prefabricated components (P{s)g., floor slabs, wall panelandcolumns)and precast
moduleg(i.e., freestanding volumetric modulefpm factories to construction sitesa
costefficient manne(Yi et al., 2020Zhang and Yu2022;Wang et al., 2023aln current
practices, the transport planning of & and moduless conducted by project managers

using a fAr ul e .Hddwevermuitivettanspopgaharparsdetivedbased
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on the subjective judgmentand working experiencef decisionmakerscan result in
excessivdransportatiorcoss. Fang and N@2019)reported thatthe optimal plansfor
transporing precastproducs from factories to sitesould outperform ad hoplansby
reducing overall expenditure by2030%.To ease the economic burdampractitioners
it is imperative to desigoostoptimized transportation plangprovide the industry with
usefulguidance on deliverindifferent types oprefabricatedelementsn a costeffective
mannerAlthoughextensiveeffortshave beeidevoted tdacklingthe logisticschallenges
associated witprefabricaion (Li et al., 2021a; Lee et al., 2022b; Zhang and Yu, 2022
moststudieshave focused othe transportation of orspecifictype ofprecastproducts
Thereis a dearthof exploration intathe generation of transportation plapplicableto
various types obrefabricated productehich carserve as guidebookor prefabrication
transportplanning A mathematical optimizatiotool that can automiaglly generate

high-quality logistics solutionss urgently needed.

Thesecondesearclyuestion to be answerexhow to design higlguality logistics plans
for PGs andprecasimodules to reduce transportation castsfurtheralleviatethe cost
burders for practitionersto adoptprefabrication Three specific research questions will
be addressed (i) What are thedistinctions and characteristicassociated with the
transporation of different types of Bs andprecastmodules? (ii)How canthe optimal
transportatiorplansthatconsidewarious factors, such asinsporistability andbalance,
PCreshufflingrequirementand vehiclalimension andapacity be generatét(iii) How
can the transport planningf prefabricated productise conduced in a costeffective
manneP Addressinglte above three questioiscrucial totheformulaion of an optimal

transport plannindramework forthe useof precastelemens and modules
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1.4 AIM AND OBJECTIVES

The aim ofthis research iso develop effective strategies that can help construction

stakeholders mitigate tHegh financial challenges of using prefabrication and ease the

restrictionson transporing prefabricateccomponents and modulgberebyachieving a

high level ofenvironmentahndeconomicsustainability irthe construction industryfhe

specific objectives are listed as follaws

A Objective 1: To proposeeffective governmentsubsidy scheme®r practitionersto
offset the high costs and promaite useof PCs angrecasimodules

A Obijective 2: To developcosteffectivelogisticsplansthat consider the characteristics
of different types oprefabricated products reducetransportatiorcosts

A Objective 3: To validate theeffectiveness andapplicability of the proposed
methodologyto various countries and regions basedase stusof Hong Kong

A Obijective 4: To formulatepolicy recommendations and managerial insidgbtsoth

government anthdustryto enhancehe sustaiability of the construction sector.

Thefour objectives of the thesis are logically coherastshown in Figurg-1. From the
perspective of governmentdpjective 1 igo designeffective incentive policiefor the
prefabrication sectoto alleviate the cost burdersn constructionpractitioners A
theoretical framework that identifies the key objectjdesisions and constraintsf the
governmentmanufacturers, and contract@presentedandtheinteractive relationships
between the three partieeamtegratednto policy formulation From the perspective of
contractors, Objective B to desigrhigh-quality transportation plans to minimizbe
transportation costsf prefabricated product§he characteristics of different types of
prefabricated productare analyzed andhcorporated intdransporation planning The

expectedutpus of Objectivesl and2 arewell-designednodels and algorithnthat can
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automatically design optimal subsidyallocation plans for governmeatand optimal
transportation plans for contracto@bjective3 is closelyrelated to Objective$ and?2.
Reallife case studie®f Hong Kongare conducted toalidate the effectivenesand
efficiency of the proposed mathematical optimizatimethodology andlemonstratéts
applicability to other countries and regioii$ie outputof Objective3 serves as a useful
validationframeworkto evaluate effectiveness and efficien®jjective4 integrateghe
previous tjectivesandpresents the conclusion thie entirethesis Recommendation®s
governmerg andindustryare proposetb promote the use gifrefabricated construction

(Objectived).

o
]
OBJECTIVE 1 OUTPUTS
LI |
.. . . o
Objective 1 (Government) (Contractor) Objective 2 4 | 1&2. Development of
Effective subsidy schemes for Cost-effective logistics plans models for optimal
manufacturers and contractors for components and modules decision-making

Objective 3

, validation framework
(effectiveness & efficiency)

Validation of the proposed methodology,

based on case studies of Hong Kong

Recommendations for the government and

4. Policy and practical

industry to enhance construction sustainability recommendations

Objective 4

(¥'S]
o
a
<
o
o
]
3
a
=
—
o
*
0

Figure 1-1: The relations between objectivasdthe expectedutputs

1.5 SIGNIFICANCE AND VALUE

This thesis ignspiredby the practicalneed of bothgovernmerd and industryregarding
thepromoton of prefabricaion in reaktlife constructiorprojects.From the perspective of

governmerd, many countriesvorldwide (e.g.,the UK, Singapore, China, and Malaysia)
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haveenacteda series of mandatompeasuresnd/orincentivepoliciesto increase the
adoptionof prefabricationRahim and Qureshi, 2018in et al., 2021t uo et al., 202}
However, consideringthe current lowadoption rateof prefabricationthereis ample
opportunityfor subsidypolicy improvementFrom the perspective of thedustry, the
transportatiorcosts ofprefabricated producfgesent a significant barritar practitioners
to embrace this sustainaliechnology Currently, thetransportatiorplansfor delivering
PCs andprecastmodules arentuitively generateased on the experience ffoject
managersleadng to suboptimakosteffectivenessAdopting ascientific methodologys
crucialtoimprove the existingndustry practiceslhethreefoldcontributions of théhesis

andthe proposednathematical tochnd validatioframeworkarepresented below.

In terms of theoreticamplications,this studypresents an interdisciplinaimyvestigation
into the dialogue on how to promotiee use oprefabricationjnnovatively integrating
knowledge fom construction management, policy design, and transportation pla@ning.
theoretical frameworks proposed t@lucidatethe key considerations of government
manufacturers, and contractoEgarlier studiesegarding the promotion of prefabrication
have solely focused on the perspective of endity but neglected the interactive
relationships between the three parfigss thesis contributet® the existing literature by
providing an interdisciplinary framework, whickays a solid foundationfor identifying

the challenges amatomoting prefabrication in the construction industry

In terms of policy implicationsthis study providesrecommendations otne design of
effectivegovernment subsidy plans offered to manufacturers and contractgsponse
to challenges posed by aging ladxsrand unmet housing demandamerouscountries

and regions, including Hong Konlgave beemledicated to promotinthe use of PCs and
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precastnodulesTheeffectivenessf government policieis crucial tatheadoptionPrior
studies havemainly focused orevaluating the effectiveness of policiesid there has
been a dearth of investigation into the improvement ottheentpolicies A scientific
methodfor calculaing the optimal solutions to the allocation of government sudgsid
under different financial budgets iggenty neead This thesis proposesa useful
decisionmaking tool based ona Hong Kong case studwvhich is validated to be
applicable toother countries and regions for thpolicy formulation demonstrating the

contribution of this study to the development of a mature global prefabrication market.

In terms of practical implicationthis studyprovidesusefulrecommendationsn thebest
industry practices for costeffectively transporting prefabricated produd®sior studies
have focused otinedeliveryof one specific type of prefabricated products. However, the
characteristics dfifferent types of Esand precast modulesed tdoecomprehensively
analyzedand incorporated intmmodelformulation Thestudyfills the existing gaps by
developingseveraltailored mathematical modelsvhich canprovide contractorswith
optimaltransportation plan®f prefabricated products minimize logistics costseduce
carbon emissionand maximize ositeinstallationefficiency. Giventhattransportation
cost is one of thdargestcontributors to the overall costs afloptingprefabricated
construction the high-quality transporation plans proposedin this thesis can yield

considerable economic benefits theindustry.

Overall, the thesisis expected tenhancecollaboration between the governmeand

stakeholders fothe sustainable developmenttbé constructionindustry.
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1.6 THESIS STRUCTURE

The structure of the thesis is illustrated in Figw2 The thesis includes seven chapters
in total. Chapter Iprovides an overview otheresearctbackgroundgquestionsaim and
objectives, andgignificanceof the study. Chapter Zoresents a comprehensive literature
review from different research streamBublicationsare critically reviewedto identify
the potential research gams)d this chapteiurther justifes this thesis as an attempt to
bridgethe observed gap&hapter 3ntroduceghe usedmethodologyi.e., mathematical
optimizatior), includingdifferent types of mathematical models formulated (engked
integer programmin@gMIP]) and widely usedolutionmethods(i.e., somestateof-the-

art algorithm¥ To promoteprefabrication, efforts should be made from the perspective
of both government and contractGhapter fresents thdesignof effectivegovernment
subsidy allocatioplars, from the governmeds perspectivep providefinancial support

to offset the hgh costof LPF establishmerand further develop a stable supplgmand
market Two objectivesare simultaneously considerg@) maximizing the quantity of
prefabricated productssed by contractorand(ii) redugng theenvironmental footprints
arising fromthetransporationof prefabricated product¥hen,Chaptel5 investigates the
optimal stacking andransportatiorplansfor prefabricatedvall panelsand floorslabs
from the contractofgerspectivepy consideing a wide range of practical factors (e.g.,
PC reshuffling work,loading weightbalance andweight and dimensional capacity
trailers) to minimize thetotal transportation cost€hapter6 is devoted tahe transport
planningof prefabricatednodules wheretwo scenariosare compared(i) on-site space

is availablefor modulestorageand (ii) modulesnustbe delivered to sites injastin-
time @IT) manner.Finally, Chapter7 presentsthe researchfindings theoretical and
practical implications, and conclusiofifie imitationsandpotentialdirections forfuture

researctarealsodiscussedh this chapter
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Figure 1-2: Thesis structure

1.7 SUMMARY

This chapterighlights the research centrality and presents an overview of the thesis
structure. After introducing the research background, this chapter raises two research
problems to be addressed addntifiesfour objectives to be achieved. The theoretical
contributions, policy implications, and practical improvements are analyzed in detail to
justify the significance and value dfi$ study Overall, thisstudyis expected to promote
prefabrication in the construction industryynimizingthe cost burdersndmitigating

the logistics challenges limitingractitionerdrom embradng this innovative technique.
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Chapter 2: Literature Review

2.1 INTRODUCTION

This chapter presents a comprehensive review of the literature, which forms the
theoretical foundation for ik study and contributes to the achievement of the four
research objectives set in Section THeliteraturereviewfocuses on the followinfpur
aspectsFirst, Section 22 providesan overview ofthe existingpoliciespromulgated by
government®f variouscountries and regiorte promote prefabricatioisecondSection

2.3 discusseghe effectiveness othesepolicies to identify potentialareas for policy
improvement.Third, Section 21 presentsstudieson the PC stacking andransporation
problem Finally, Section 2 focuses on studiegegarding thetransport planning of

volumetricmodules Finally, Section 2.6 summarizes this chapter.

2.2 GOVERNMENT POLICIES ON PREFABRICATION

Governments worldwide argedicatedo facilitating arevolutionaryparadigm shiftin

the constructiorsector aiming totransition he industryfrom traditionallaborintensive

practices tosustainableoff-site construction.Increasing theadoptionof prefabricag¢d
constructionis currently a sharedgoal amongnumerousgovernmentsvorldwide For

example, he Chinese governmeaims toachiewe a 30%precastratefor new building
projectsby 2035 (Ministry of Housing and Urbd&u r a | Devel opment of
Republic of China, 2022bT.he Singapor@ngovernment isteadilyon track toreachits
ambitioustarget the adoptionrate of manufacturing and assembly construction method

shoulddouble the 2019 level by 202BCA, Singapore, 202).
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Policiesrepresenan effectivanstrumentemployed bygovernmentso accomplish thee
ambitiousgoals(Zhang et al., 20145an et al., 20184ong et al., 2018;uo et al., 202)L
The Singaporean governmgffior examplejs widely recognizedfor t s fef fecti ve
s y s tteepromote the application of prefabriedtconstructioThe Legislative Council,
Hong Kong, 2022Liu et al., 2028). Table 21 lists he technical guidelinespmpulsory
regulations, and financial incentivessued by the Singaporean governmémt2016,
merely 6%0f public housing projectis Singaporavere constructed usirgefabrication
approachWith the enactmentandimplementation opolicy measuresn Singaporethe
proportion ofprefabricatedprojects inpublic housingsurged to 30%n 2020 (Royal
Institution of Chartered Surveyors, 20ZIhe Legislative Council, Hong Kong, 2022
experiencing fivefold increaseThe abovesuccessfustory of Singapordighlightsthe
significance ofgovernmenipoliciesin strengtheninghe industryd technicalstandard
and promotng the adoptionof prefabricated constructiofXu et al., 2020Luo et al.,
2021) In addition to the Singapaae government,numerousgovemmentsin other
countries and region®.g.,ChinaandHong Kong have made extensiymlicy efforts

(Tables 2-2 2-4).
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Table 2-1: Guidelines, regulations, and incentives for prefabricatidingapore

Publication Title References
(1) Good industry practices: Prefabricated bathroom unit (PBU) BCA (2014)
Prefabricated préinished volumetric construction (PPVC) guidebook: Design

(2) . BCA (2010)
@ manufacturing and assembly (DfMA)
c
g (3) Connections for advanced precast concrete system BCA (2018)
8 Design for manufacturing and assembly (DfMA): Prefabricated mechanical, electric

4) : BCA (2023)

plumbing (MEP) systems
ood industry practices guidebook: Precast concrete elements

(5) Good ind [ idebook: P I BCA (202%)

(1) Precaster accreditation scheme CIS (2007)
g (2) Building control (buildability and productivity) regulations Singapore Statutes Online (2011)
E:f (3) PBU manufacturer accreditation scheme CIS (2014)
o
& (4) PPVC manufacturer accreditation scheme CIS (2016)

(5) In principle acceptance (IPA) certificates BCA (2021)
o (1) Productivity innovatiorproject BCA (2022)
=
‘g (2) Off-site levy scheme for construction work permit holders (WPHS) BCA (2024)
(8]
= (3) Public sector construction productivity fund (PSCPF) BCA (2020b)
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Table 2-2: Guidelines, regulations, and incentives for prefabricatiddhima

Publication Title Concrete | Steel | Timber | Full-process| Year
1 Guidelines for the development of the technical system ) . 2019
(1) prefabricated concrete residential building a
Technical guidelines for prefabricated steel structural mog .
o | @ - 1 a 2022
a construction
c
D Guidelines for dimensions of key components in prefabric .
T | (3) anti 1 a 2021
5 concrete residential structures
)
Guidelines for dimensions of kegomponents in prefabricatd .
4) Jantial interi : 1 1 1 a 2021
residential interior decoration
(5)  Prefabricated construction project investment estimation indg L L L X 2023
(1)  Technical specifications for prefabricated concrete construct 1 a 2017
Technical specifications for prefabricated timber struc .
(2) . 1 a 2017
construction
g Technical specifications for prefabricated steel struct .
= | (3 . . . 1 a 2019
T residential buildings
>
é«? (4)  Technical specifications for modular integrated bathrooms ! ! L a 2018
(5)  Technical specifications for modular integrated kitchens L L L a 2018
Technical requirements of assembled wallboard for kitchen .
(6) ! ! L a 2018
washroom
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Publication Title Concrete | Steel | Timber | Full-process| Year
(7)  Technical specifications for prefabricated building wall panel 1 1 1 a 2021
(8)  Technical specifications for prefabricated integrated wall sys 1 1 1 a 2021
(9)  Technical standards for prefabricated buildings 1 1 1 X 2017
Design and selection standards for prefabricated resid¢
(10) _— L L X 2022
buildings
Technical specifications for inspection of prefabricated reside
(11) _— 1 1 1 X 2019
buildings
(12) Technical specifications for prefabricated interior decoration 1 1 1 a 2021
The 13th FiveYear plan for promotingrefabricated constructiof
(1) Management measures for demonstration cities of prefabri = = 1 N.A. 2017
construction
3 Work plan for promoting pilot projects of prefabricated sf
2 @ pran TOr Promoing prior PIoJests of pr : NLA. 2019
= structural residential buildings in Zhejiang province
[}
g 3 Work plan for promoting pilot projects of prefabricated st ) NA 2019
(3) structural residential buildings in Shandong province o
Work plan for promoting pilot projects of prefabricated sf
(4) S antial bildinae i - 1 N.A. 2019
structural residential buildings in Hunprovince
Note All the policieslisted in the above table are availablehe official websiteof Ministry of Housing and UrbaR u r a | Devel opment of
China attps://www.mohurd.gov.cn/document/fileccessed in March 2024).
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Table 2-3: Guidelines, regulations, and incentives for prefabricatidtiang Kong

Publication Title References
(1)  Code ofpractice for precast concrete construction Buildings Departmen(BD, 2016)
é (2) Reference materisd Logistics and transport for MiC projects CIC (202)
% (3) Reference materiadsHeavy lifting operation foMiC projects CIC (202b)
(4) Referencematerial® MiC installation and disassembly CIC (202d)
(1) Preacceptance mechanism of modular integrated construction BD (2020a)
(2) Preaccepted modular integrated construction systems/components (Concrete MiC S| BD (2020b)
_g (3) Preaccepted modular integrated construction systems/components (Steel MiC Systel BD (2020c)
?% (4)  Technicalcircular (Works) No. 2/2020: Modulantegratedconstruction Development Burea(2020)
)
@ - SHlj)Fl)Jpsli‘:i;n(:I ated initiatives in the Chief EHousingAuthority(HA,2022)
(6) Statutoryrequirements for modular integrated construction projects CIC (202%)
é (1) Concession for gross floor area for buildings adopting Modulated Integrated Constru¢ BD (2019)
c
é (2 Construction Innovation and Technology Fund CITF (2023)

Note AiMiC0 andACITFO arethe abbreviatiosfor fiModular Integrated Constructiomndii Const r uct i on

I nnov grespectivelp n d

Technol o
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Despite the varying levels of development in prefabrication techniques and the practical
challenges within theonstructionndustry, policies aimed at promoting prefabrication in
different countries and regiosoadlyfall into three categories: (i) technical guidelines,
(i) compulsory regulations, and (iii) financial incentiv@gchnical guidelineareissued

by governments tprovideoperational recommendations for individuat®rganizations

in the constructiomdusty without legal enforceabilityLuo et al., 2021 Compulsory
regulationshave legdy binding forces that are usuallyemployed to ensurehat the
building materials used and operationalpracticesimplemented in the construction
industrycomply withaseries ostandard¢RoggeandReichardt201§. Noncompliance
with government regulations caasult in legal liabilities anévenpenalties Financial
incentivesprovided by governmentsan take various formsuch as taxxemptiors and
subsidiesaimingto promptthe transformatiorfrom traditional methaosito prefabrica¢d

construdon (Kylili andFokaides2017.

Technical awidelines

The establishmenof technical guidelinesetsa robustfoundation foradoptingprecast
techniquswithin the construction industijzuo et al., 202)L. Suchgovernmentapolicies
provide practitionerssuch asdesignersPC manufacturersgnd construction workers
with knowledge, experience, and exgle casesto encourage the application best

practices irthe constructiorsector

Compulsory regulations

Government ompulsoryregulationson prefabricated constructigamovide practitioners
with mandatoryrequirementsproceduresstandardsand specifications ensuringhigh

levels ofconstructionquality andefficiency. As shown in Tables-2i 2-3, governments
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in different countries and regioaseprogressively developing comprehensive regulatory
frameworlsfor ensuringconsistency and standardization within the construction industry.
Thesepoliciesinvolve multiple stages of prefabrication projeds listed below:
a) Initial preparatior(e.g., obtaining necessary pernatsd approvalfom governments
[BCA, Singapore, 2021CIC, Hong Kong, 2023¢,
b) Designof prefabricated building&.g., theechnical requirements PCs and modules
[SingaporeStatutes Onling2011;Ministry of Housing and UrbaRural Development
of the Peopleds 4PRepublic of China, 202
c¢) Productionof prefabricated product&.g.,the accreditation of manufacturdiGIS,
Singapore, 2014, 201 6ndthespecifications obuildingmateriatand structurefCIS,
Singapore, 20Q7/DevelopmenBureay Hong Kong, 2020Ministry of Housing and
UrbanRur al Devel opment of the4)Peopl edbs Repub
d) Transportation of prefabricated produ(sy., theescort policyfor thedeliveryof PCs
and module$CIC, Hong Kong, 2023¢, and
e) On-site installation angroject acceptancéSingaporeStatutes Online2011; CIC,
Hong Kong, 2023c;Ministry of Housing and UrbaRural Development of the

Peopl eds RepuBlic of China, 202

Financial incentives

Owing to the highadditionalcostsassociated witladopting prefabricatigrconstruction
enterprisesareexpectedo favor thepreferential policieproposed bygovernmerg(Chen
et al, 2017. Incentivessuch asubsidy programs artdxationcanstimulateentitiesto
enlistin the prefabricationmarket (Liu et al, 2017. Comparedwith the issuanceof
technicalguidelines and compulsory regulatiotise enactment aihcentive policiess

globally recognized ashe mosteffective measire for encouragg the adoption of
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prefabricated constructighou and Kamg 2012; Jiang et al., 20&9arlow et al., 202).
However, the provision ofincentive policiesis quite limited. Among the existing
prefabrication promotional measuyteschnicalguidelinesand standardsccount for 53%,

initiatives andregulationsaccountor 38%, and incentiveaccountor only 9%.

2.3 POLICY EVALUATI ON AND IMPROVEMENT PATHWAYS
2.3.1 Evaluation of governmental subsidy policies

Several attempts have been made to evaluate the effectiveness of gastgngmental
subsidy programs for the promotion of prefabricated constrycistedin Table2-4.

Cheng et al. (2020) developed a dynamic moddescribethe game process betwesn
singlegovernment andnultiple contractors. They collected data of Shanghai, China to
simulate the effect of subsi degardingthewwse penal t
of prefabrication Shi et al. (2022) verified the effectiveness of Jcavbon policies in
promoting PC use. Du et al. (2023) compared three policies (i.e., prefabrication subsidy,
carbon credit, and project restriction) that are widely adoptedwgrgments irvarious
countries and regions through a case study of Wudlaina. Although these studies have
demonstrated greaimpirical value in validatinghe effectivenes®of the current policy
frameworls and suggesting potential pathways policy improvement, theyavenot
optimized thecurrentpolicies or proposkotherbetter alternativeg\dditionally, subsidy
programs fotthe establishment & stablePC supplydemand marketbave rarely been

explored
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Table 2-4: Research study adhe evaluation and optimization of prefabrication subsidy policies

Entities considered

Topic Reference Tri level Methodology
Government Manufacturers Contractors Others

c

-% Cheng etl. (2020) X ! 1 Game theory

=

% Shi et al. (2022) X 1 1 Game theory

>

(] . . .

= Simulation (modelling +

1

g Du et al. (2023) X Developers case study)
Jiang and Qi (2020 X 1 Assembler Game theory
Jiang and Qi (2@ X ! Assembler Game theory

c .

2 Shen et al. (2021) X Developers; Game theory

= customers

N

% Wang et al. (2021) X 1 1 Game theory

o

Ef Du et al. (2022) X 1 Developers Game theory

@]

- | ) Optimization (modelling +

Yi et al.(2021b) a 1 ! 1 .
analysis)
_ . Optimization(modelling +
This study a 1 1 1

heuristic + case study)
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2.3.2 Optimization of governmental subsidy policies

The d-f
been i

been d

contr a
theory

constr

gi ven

(2021)

expl or
and re
above
all oca
bet wee
manuf a
we-dkesi
effect

f or mul

govertn,

tdievel

pvcegi mpact ofproumbmsichy poleif abes cat ed
ncreasingly highlighted (Han and Wang
evel oped for the formulation of optinm
ting subsidemensor prddtionndakelaes d2 s

ped two pricing and assembly rate mod
ctors. Further more, Jiang and Qi (20
and foundnpaopesi poVecelmfmgcth heefecimst s
uction enterprisesecehadeéedopsitsagyg thee
rication. Du et al . (2022) proposed ¢
to deerénplercsommnmdact ors who make nego
analyzed govestmmesmutggewshsiapypyromeach anies
S, and end time. Wang et al . (2021)

e how contractors respond to incent.i\
putati onal irn@eretfiavbe d cartd obne n arfpil ceimeeln t
studies have devoted considerable ef
t itaotn tphleayn sprtonposed-lwere foeitmumi ataed oas
n government and contractors and did
cturers) in the interaction, which me
gheddyual | ocati on plan should scient
of the subsidies on the interaction
at-leaveals mrdgrammi ng model of the i1nte
memanubadt oopatsactors. Yi et al . (202

subsidy optimization framework for g

Howevemnnltyheeresented a model framewor k and
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t he pr olpeovseeld mopdaepleari Thehe fosnhday hosndowudtyh
buséom t heiinwoft ki bhgpradcdtiitciadnaclonsi der ati ons

comprehensive methodology to derive opti mal

2.3.3Research gaps and industrial needs

Al t hough both theoretical and practical eff

pref ab,ritchagr éolndrees e metcthatgapsoul d be recogni z

(i) Most of theprevious studies have treatgavernmental subsidy allocatiasabi-level
optimizationproblembetween the government and contracfdiang and Qi2020, 2022;
Shen et al., 2021; Wang et al., 20D et al, 2022. However, he neglect of middie
level decision makers (i.e., manufacturdegds to market distortion (Miller, 2013)
further tnderminng the effectiveness ahe designedovernmental subsidyolicies Tri-
level optimizationof subsidy programis urgently needetb promote themplementation

of prefabrication for sustainable construction.

(iOnlyy et ahighbBoeddb) he Aewedsiptryefafbra ctart ii «
progbhatmween the government b6 , mdanpufraocatcunreesr st,o
sol vi agmp lhit¢ al aet veedl mod el to derive the optirt
remai pl aofFredt heasmordeempler ati ng pewi gdest abl i
PC manufacturing lfatgedmygi s5 086 9pémdadk ttheee

be consi dersedgni mft sewbsi dy program

Given the above, i & x a g ritedr e rceaft o roen nsewlsessi sdayr ya |

at 1 ieywelogr ammi nghagr adbnlceoom por at es othleea weempl i ¢
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t hgeover nment , manufacturers, and contractor ¢

types of PC¢6g,angr enfoadhurliecsat ed composite

and babkbbonipdapiereadn|-toengemr sp.ecti ve

2.4 DESIGN OF PC STACKING AND TRANSPORTATION PLANS

Owing to thedevelopmentf precast technologandthe numerousadvantages of using
PGCs, extensivestudieshavefocused orexploling differentaspect®f PC managemend
help practitioners achiewmstefficiency in their project¢see Hussein et ak021 Wu
et al, 2021, Assaad et al2022 for reviews)Some fequently studied topics includRC
production optimization (Said et al. 2017 Cao et al. 2020), prefabricationcost
managemeniHodicky et al, 2015 Yepes et a).2017 Zhang et aJ.2021a), andon-site
schedulingpf PCassemblyWang et al.2018h Ma et al, 2021, Jang et a).2022 Liu et
al., 2023). Note that,n this study PC refers to twalimensional2D) precast elements,
such aprefabricated wall panels and floor slaltsloesnotincludethe threedimensional

(3D) precast modulgso bediscussed in the next sectjon

Studieson PC managemeihiave currently focused on the optimization dfie off-site
production and ossite installationof PCs Limited attention has been devoted to the
intermediatePC transportation procedShewchuk and Gya012 Lee et al., 2020a
However, the transportation of PQ@svolves unique challenges compared wikie
transportation obther types of materials, suchrasv materialspwing to the additional

PC stacking procesBor example, after the production of prefabricated wall panels and
floor slabs (the two most widely used types of PCs) irsiéf factories, panels (or slabs)

are configured into one or more stacks and loaded on trailers for shipment to construction

sites. Upon the arrival gfanels (or slabs), workers at sites unbind the stackst each
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panel (or slab) to iteargetpositionusing tower cranes, brace the panel (or slab) to keep
it from falling, and instaleachpanel (or slab) to the buildiighewchuk and Gy@013.
PC stacking and transportation require the consideration of vatpeigtives and a wide

range of practical factors (Table5}

PC stacking is a complicated process. Stacking plameec tasimultaneously consider
many objectivege.g., cost and timjeThe most significant objective, as widely perceived

by both academia and industry, is to minimize PC transportatists This is because

PC logistics costs cdre overtwice the counterpart costsrfall-in-situ construction (Lee

et al., 2021h)servingasthe mossignificant barrieto promotirg the use oprefabricated
construction(Lee et al., 2021a)lhe number of PC reshufilgs at construction sites is

also a crucial objective that should be fully considered in the design of PC stacking plans
(Shewchuk and Gy@012; Zou et al., 2022Although these objectives are significant to
stacking planners wide range of practical factorsuch as the stability of PCs and the
weight and dimensional capacity of trailecannot be overlookedsbewchuk and Gyo

2012 Lee et al, 20213 Lee et al., 2022a; Zou et al., 2022). At presardedicated and
effective methodology forautomaticallygeneratinghigh-quality PCstacking plangs
unavailablgLee et al., 2021aptacking planners rely on their experience to design such
plans (ee et al., 2019, makingPC stackindaboriousand timeconsumingandleading

to suboptimal PC stacking plans with poor performance in terms of logistics cost, PC
stability, and orsite efficiency Lee et al., 2021,&ou et al., 2022)Given the multitude

of objectives to optimize and the numerous factotwsider, it is necessary to propose

a formal methodology tassiststacking plannersr generaing PC stacking plans using
computers (Lee et al.,, 2021b; Lee et al., 2022a; Zou et al., 2022). Tentative studies

devded to panel and slab stacking aralyzedbelow,
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Table 2-5: Researchtsdy on the optimization of panel and slab stacking for transportation

Objectives Factors considered
Topic Reference . : M ethodology
Cost Time  Others Pane!/§lab Traﬂe_r Reshuffling Others
stability capacity work
Shewchuk and Gut . Number of . Optimization
(2012 * stacks (heuristic)
2 | Leeetal (2021a) ' ' Rule of thumb
S + case study
G
o Lee et al. (2021b) ! 1 1 Case study
(O]
c
© First and next
o 1 1 1
Lee et al. (2022b) fit algorithirs
: . Optimization
This study* 1 Transport 1 1 1 Maximum layers P .
safety (heuristic)
. Lee et al. (2022a) Stablllt.y; . . . Dunn.age position | Rule of thumb
£ reshuffling maximum layers + case study
Q
S o
% | zouetal (2022 1 Stability 1 Optimization
e (heuristic)
This study* 1 1 1 1 1 Dunn.age position Optimization
maximum layers (exact method]

Note Referencesarked with an asterisk (*) in the talterestigatehe PC stacking problem by consideritvgo optimizationobjectives.
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2.4.1 Panel stacking and transportation

Schol ars havetadeegewpkdi teif ifgr ed é nRRG &ind g ig sotoil css
pl dmmr actsTtoi carheer best of ouhakmeodelaedtgact,e df our
the optiwmerztaibaesalha cpkfi onbgl Sshme we h u k2 Calh2e e Ge 6 a l

2021aLee2@?llmaée. gt bjadonszZ 22 i ng the relevanc
probl em, we provi doee tanetieent & o lu e d s ¢Scheepvaehiuskaod o
and Guo (2012) were the first to propose a
stacking probl em. They propostadcoke at aoher ¢ @
mini mize the wal king di st &drowe vefr ,wdrhlkeemrs sd tu
focused on actatvidadresstistuciteromstackandare de
negl ecued atlt st aPcCksosfedbrs equent transportation
anrdeshuflfda ngts)al . (2021b)anidd e taibf ireds hautfd d K
metrics to evaluate the effectiveness of |
prefabrication projects, they found that ¢t
was approxi matrelay Mo gaeairclel ¢ me icatra eckiitng

operatiahstsedbdmravededdiitfiilomda |l ey, al . (2022h) d
approach tootagi mati esrlte®sabl| ¢frsathassgkaitng nan d
pandl ¢ hadusgech swao dbif ¢ ssreevdursel$ uggesteigamnsli ng t he
devenleompen odut omaapablt eocbPamgenes@at hipaly sol ut i
t hdiyndoptr oppb e mat hodol ogy t o generlage eotptalmal
(202vk atghe firsa meot dea/teH eompainieo asttodfac ki ng pl an
foerxterior waphaelbsveaeegntshplagmseeldc ki ng probl
as a -oshijnegcitei ve Agr onelneé mo n e d, anbaohvyee,c tiinv epsr anceteic
besi multaneodsltyh ebediommtezenli . gh(l2@®htae)d t hat fu

shoul d sctoancskiidnegp rpel faehroeeorbbgbe ct i ve opti mi zati on
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2.4.2 Slab stacking and transportation

Des gihtee gr e atp rpeoftaebnrtiiscdatd wadt cfeil negrsa &t fef i ci ency

few shawdWeen dewvloaledsttaocki flgusopfhdmi zewdbi ehudi
mos tley etvaantt hi(lse et optd 22 la ; Zou) leete adt. ,al2.02220
interexkpwethsanuf acdtactiong es, |l ogi stic compan
sites to identify and take into account the
The authors prlogpoedck daapppdrccbantpkivheed t hat t heir

strategy could derive stable stacking rest
Addi tiZonuwmldty, dlor m@p éhbory zsdmstbaalckri cmlgl ean i nt o

mat hemati cal pwobghamwmongmmedmi xesg stacking
anmdi ni mi ziawrggyogdd omrgd wor k| @& ladtvvecA | sahoduegeys t tehde

to provide practitioners whephi ohoor eescaenent
to -ebBtciency iIissues Asuhengogiodbiprtrdadpgtad
construction are twice those qf ittr adsi ttihoenrael
of great stigkhe fictamceonoi den atdeseofflhe | ogi
optimal sl ab stacki®aghalnar ¢ riam stploe tfaitea loch fl
have proposed numerous +Jod&theeemanal gali mboel &
si mihloain zsanatcakli ng probl ems, such as contai ne
stowage plans for marine2QiBewmgepama®dust ( Ku
Howevél gbamshde fefnfférrom cont ainers, which are h
for marine transportation, tthe aommndtedisn ern ds ta
pr obd @amnot be directly pppeffiabdortsattredcab oxnt a

tailored methodonleoggdp ber dekesopedbl em
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2.4.3Research gaps and industrial needs

Al t hough sthfaaseissii badllygwdotthe abovementioned st

are cl earThde fifdeerretnicfeised research gaps are a

(Most pfeviheus studies have treated the sta
as a -oshijnegcltel ve opt,dmispat icodkmo wlkeda@gied si gni
of many r el e@wmrp e potbo gecchhepshv@esd sphaki gg@ner at i ¢
are appl i eoabbjleec ttiovasnopaipa bdle mappl i ed t o practi
probiléme et ;alLee 202 1lad . , 2021b; Lee et al
becaiursepraevarcal, ponfelnitatailngy obj ectives neec
optinmnvestgiPgast acking as a Bangewi ddbnptecdn awl
not dlhdeggneroaft ipoonl ar i z ealrps @alcu ti ican B yotbh aetic ¢ a vieb |
probl ems are compl i c atseshogmap @ cwekeeksdt atbd i lséh eslo
al gorZhamg etc) aHowel2@PRPtuaseoahmgehemwmati cal n
for mufl athe BC sprackliemg t hat can sbhteotadpagrlti ed t O
al gorsc¢chodsagornd v i nvesti @gdbtfeciti vaspaobl aml en
way.t i s | mper adtoibvyee cttd vees tpalolgiesalmthé egs mow el s
makeress uct dat-efrfasilebet ween different objecti

stacki.ng pl an

(iRAr)acaic t@irmd lpuadiiendg sl ab st abitlriat y,err el mefnfsli
and weight capacity, maxi)mamel apéer eeanadder
addr essed oirtnoihnec odrepsoirgant eodf ORC ystLaeek ieng apl. an
considlelhepgdgeacti camnd fuadeleimdrbse e d pr oposed met hao

case shuaoisepsemcg fi ¢ consHorwecttdire,n metriog et csgy

Chapter 2: Literature Review 36



propodegd nhtewnr.efbeei @exactness and appiln cabi | i

di f f erleinfte rsecachnnaorti obse. guar ant eed

Given the abowegcessary to 1 nvestalbgjadgcet itvhee F
programming problem and sd eawad|lcB@h aeractops 0 I ma
stacki nghap! acro$nlsi geact(iictaghef fado fpcanssgsis ab

addi triecmalf fltirmg |l wor capacity, maximum | ayer :

2.5 SUPPLY CHAIN M ANAGEMENT OF PRECAST MODULE S
2.5.1 Conceptsof precast volumetric modules

Modular construction represents the most advancedsgitechnology (0C, Hong Kong,
202%), in which precast volumetrienodulescompleted withinternal finishes, fixtures,
and fittingsare produced iroff-site factories andlelivered to construction sites for
assemblyin a Legolike manner(BCA, Singapore, 2023bThese volumetric modules
(known as MiC modules in Hong Kong and PPVC modules in Singapaxa been
increasingly adopteith theconstrudion of hospitals, restaurants, schools, public housing,
and institutional buildings (Kong et al., 2017; Chen et al., 2023). This trend is prominent
in countries and regiorharacterized by limitedpace and labor, such as Singapore and
Hong Kong (Poon et al2013; Niu et al., 2017; Xu et al., 2028%5modular construction

is expected tamproveoverall productivity by 40% enhance ossite efficiency by 20%,
decrease construction accidents by 80%, and reduce material waste byTB&% (
LegislativeCouncil, Hong Kong, 2022BCA, Singapore, 2023cAmid the COVID-19
pandemic precastmoduleshave beenwidely used to construct testing sites, quarantine

centers, and temporary hospitals (Chen e8R?2).Typically, precasimodules can be
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divided into different categories in termssifuctural complexity and scale (Bertram et

al., 2019)as shown inmable2-6.

Table 2-6: Complexity andscale of precast modules

Module zale Increasing scale

[
»

Module omplexity 1) Volumetric units 2) Complete structure

1) Largeprecasstructues

Room structure House structure
(concretesteel, oiwood)
2) Structures withimited
fixtures(in oneor more Prefinished room Prefinished house

material3

Increasing complexity

3) Fully functionalstructures | Fully serviced and  Fully serviced and
with complexfixtures finished room finished house

<
<

2.5.2 Transport planning of precast volumetric modules

The management gbrecastvolumetric moduledias been extensively investigatead
the supply chain management biC modules from the economic and environmental
perspectivehas always beemresearctiocus Specifically, veral studiehaveexplored
the costrelated issuesf implementingmodular constructianUsing reallife building
projects as research objedtkong et al. (2018presented a detailexhalysis of theost
compositionof usingprefabrication There are also studidsvoted tdhe environmental
impactof modular constructianMao et al. (2013jormulateda quantitative modefor
determinng the proportios of carbon emissions at different stages using a prdues=d

method. Wang et al. (2028)rmulateda game modeb redu@ carbon emissions.
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Although modular construction has attradtecteasingattention from academia in recent
yearsits applicationn real worldhas not yet achieved the desired level (The Legislative
Council,Hong Kong,2022)dueto theassociatedigh moduletransportatiorcosts and
complicatedsupply chain coordination (Sun et al., 2020; Yang et al., 2021). According
to a recentindustry report issued by McKinsey & Company, ineffective transport
planning of precastmodules offsets the economicbenefits ofmodular construan
comparedwith traditionalall-in-situ constructiomndmaylead tocost premiura of up to

10% (Bertram et al., 2019).

Numerousstudieshavehighlightedcurrentchallengesn theprecast modulsupply chain.
Some ecommendedeviewsare Briskorn andienstknecht (2018xnd Olawumi et al.
(2022).Additionally, Zhang et al. (2024) presented aystematic revievand recognized
moduledelivery asthe challenge irthe promotion andmplementatiorof MiC in Hong
Kong throughanempirical studyHsu et al. (20203lsoemphasizethatthesupply chain
of precast modulas muchmore complicated thathat ofraw materiad. Yang et al. (2021)
exploredvariousuncertainties itmoduleproduction, storage, and transportation. Zhai et
al. (2017)further examinedthe production leadime hedging issue to mitigatine
deliverytardinessarising fromsupply chairuncertainies The above studieseinforcea
consensus amorsgholars traditionalsupply chaiiTmanagemenmethodscanhardly be
applied toMiC moduletransport planningowingto the presence afiverse uncertainties

andspecialrequirementgHsu et al.2018).

To mitigatethe logisticchallenge®f using precast modulgecenstudieshavedevoted
increasingefforts to designing effective transport plannpigns as summarized in Table

2-7.
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Zheng et al. (202 examined the passing ability wthicles loaded with precast modaile
to ensure safenodule transportation.Their studyprovides practitioners with useful
guidance on identifying multiple easily passing routest allow for smooth module
delivery, but the challenge thastill remains is how to select the optimal route with
minimal cost among theseandidateroutes.Yi et al. (2021b)paid attention to green
supply chain managementmfecasmodulesThe above two studies, however, have not
considered the impact of Jdelivery, a significant strategy implementedthre precast
module deliveryHussein and Zayed (2021) presented adepth analysis of 42 crucial
factors that have been shown effective in addresangus modulédogistics challenges
to facilitate theimplementatiorof the JIT strategyDespite relying solely on qualitative
methods, their studgrovideda comprehensive understanding of JIT module delivery.
Hsu et al. (2018gxaminedthe production, storage, transportatiand installation of
precasimodules throughmathematicamodeling and case stied Although he authors
presentecnintegratedmoduleplanningapproachonly the mosgeneral considerations

of each stage of modular construction were incorporated into model formulation.

In addition to road transporhanystudies havalso investigatethe multimodal transport
planning of precast module$dultimodal transportation systenconsist of diverse
transport modeModules are transported from manufactufexcjoriesto the export port
via road, thenshipped from the export port to the destination port via aed finally
transported from thdestinationport to the construction sitea road(Yi et al., 202B).
Hussein et al. (2023) identifiesleveralkey decisionsconsideredin the wateiroad
multimodal transportation g@irecast modulet® achieve a witwin collaboratiorbetween

module manufacturers, contractors, and carriéfset al. (2021a)roposed a blevel
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subsidy plan for promoting the intermodal transport of MiC modules to lower the carbon

emissions associated with module delivery.

All the above studiebave laid the foundation faesearch on module transportation;
however,there still lack a studythat considershe impact ofJIT module deliveryand
further develos mathematical optimizationiools capable ofcomputng the optimal

moduletransport plag
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Table 2-7: Research study on the transpaenning of precast modules

Reference Research objective Transportation Design of Consideration Methodology
mode transport plans of JIT
Optimization
Hsu et al. (2018) Minimize project costs Road transport X a (modelling + case
study)
H _ Zaved (202h Achieve the implementatior Not ifod y . Qualitative
ussein andayed ( ) of the JIT strategy ot speciie a analysis
) Minimize transportcosts Intermodal Optimization
Yietal (202h) . X X .
andemissiors transport (heuristic)
_ Maximize the use of prefab Optimization
Yi et al.(2021b) L o Road transport X X . :
Minimize transportemissions (modelling+ analysi$
Optimization
Improve module .
Zheng et al. (202 . Road transport x X (modelling + case
transportation safety
study)
Minimize project duration; Simulation(multi-
. . Intermodal . R
Hussein et al. (2023) Minimize transporicosts a X agenj + Optimization
. transport .
andemissions (heuristic)
. o - N Optimization
This study Minimize transporicosts Road transport a a

(exact method)
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2.5.3Research gaps and industrial needs
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2.6 SUMMARY

This chapteprovidesa summary othe existingpoliciesimplemented by governments
worldwide for promoting prefabricationand theliterature related tahe evaluation of
subsidy policies, the optimization of subsidy allocation plans, the horizontal and vertical
stacking of PCs, and the transport planning of precast moddiesall, this chapter
providesa comprehensivenderstandingf the current literature and serves asoéd

foundation forthe formulation othe research framework.
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Chapter 3. Research Methodology

3.1 INTRODUCTION

This chapter provides a detailed explanation of the methodology used in this study. First,
Section 3.2 presents an overview of mathematical optimization, especially the cyclical
process of addressing rddié optimization problems using mathematical opgzation.

Then, the problem formulation, algorithm design, and experimental validation processes
are elaborated in Section 3.3 to ensure the effectiveness and efficiency of the proposed
model and solution method. Section 3.4 provides justifications fosdleetionof the

mathematical optimization methodologyinally, Section 3.5 summarizes this chapter.

3.2 OVERVIEW OF MATHEMATICAL OPTIMIZATION

Everyday life is replete with decisions to be optimized, as highlighted by Euler (1952)
and Cottle and Thap@ 2 0 1 Nodhing afiall takes place in the universe in which some
rule of maximum or minimum does not app@dathematical optimizatigralso known
as mathematical programming and numerical optimizatgs, scientific methodology
that has been widelynplementedto address complicated decision problems fiam
areas ofeallife practice(Snyman and \lke, 2018) In practical realm, decisiemakers
usuallynavigate a multistep process to exercise effective leaddistapm, 2000:

i)  Step 1: [@tacollection constrainidentification,and objectivesetting

i) Step 2: IPoblemanalysisgiven the data, constraints, and objectives;

iii) Step 3:Resultsinterpretatioranddecisiondetermination
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Optimization asthe central othedecisionmakingprocessis mostlyconcerned witlthe
second proces3he task of optimization is tmathematically defina decision problem
andthencalculatet h e fsdiutionih @rms ofthe criteriapredeterminedby decision
maker§ Ch on g a n dInmastkcasetBel/dluey ofariables(i.e., a solutionpf

an optimization problenare constrained by a series of equations and/or inequalities,
known asconstraints Solutions satisfying all constraints deasible solutionsPractical
decision problemsiormally involve an infinite humber of feasible solutio(&lfares,
2023) whichareevaluatediccording tane omultiple functions referred to asbjective
function(s), to explore theoptimal solutionamong all alternativethat produces the best
possible value (either the maximum or minimum) of the objective function(s).
Mathematicabptimizationisd ef i ned as a met hodol ogy that
minimizing or maximizing a function of several variables usually subject to equality

and/ or inequality constraintsod (Nemhauser

In recent yearsnathematical optimization has an increasingly wide range of applications
in many types oindustriesjncludingmanufacturing, engineeringyedicine, economics,
andtransportatior(Liu et al., 2018; Snyman and Wilke, 2018; Tan et al., 2021; Zhen et
al., 2023 Xie et al., 2024 Some classical problems that carefiectively solved using
mathematical optimization involve theutting stock problemin the manufacturing
industry (i.e., how to cut a stock material into smaller pieces of specific dimensions to
minimize material waste) arttle travelling salesman problemthetransportation sector
(i.e., how to determine the shortest route for a salesman to gigé@rasebf citiesexactly

once and return to the starting cityNotably, gtimal solutionscalculatedusing
mathematical optimizatiooffer practitionersonsiderable economienvironmentaland

socialbenefits Consequentlymathematical optimization has emerged as one of the most
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fundamental methodologies in the field of manager(umtenko and Pardalos, 2014; Nie

et al., 2021Zhen et al., 202Zhu et al., 202

Addressing realife optimization problera via mathematical optimization requires the
cyclical execution of the following three processes (Cottle and Thapa, 20yiman and
Wilke, 2018, as shown idrigure 31:

() Problem formulation;

(i) Algorithm design; and

(i) Experimental validation.

- parameters .
- decision variables A

[Observation of real-life problem ] - objective function [Construction of a mathematical model ]
7y T

Process 3: Process 2:

Experimental validation

Algorithm design

- case study for validation - select solution methods
- whether to refine the model - code into computer programs

Figure 3-1: Cyclical process of mathematical optimization

As shownin Figure 31, the decision problem observed from real practisemalyzed
andabstracted into a mathematical moddien,the properties of the formulated model

are analyzed to develop appropriate solution methods for presménmg. The designed
solutionmethods are codedtmmcomputer programt perform calculationsAfter the
proces®f algorithm designextensive numerical experiments are presented to justify the
effectiveness of the formulated model and the efficiency of the proposed algorithm. Data

from reallife scenariosarecollected and used as model inputs for validation purposes.
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More often than nothe optimal solutiorand the managerial insighderived fromcase
studes areevaluatedoy industry experts, tdeterminef any refinements are necessary
for the mathematical modéh some cases, the derived computational results may result
in an entirely new formulatio(Cottle and Thapa, 2017)he threestep cycle isypically
repeatednultiple timesand the ultimate aim is fond the best representation asmmpute

an optimal solution for theracticalproblem.The three key procedures (i.e., problem
formulation, algorithm design, and experimental validation) are then explained in

Sections 3.3113.3.3 in detall.

3.3 RESEARCH DESIGN
3.3.1 Problem formulation

Decision problemmobserved from redlfe scenarios can beerbal or graphi¢Cottle and
Thapa, 201y, and poblem formulation is th@rocess opresenting aerbalor graphic
description of the decision problem aimadnslatingit into a mathematicaprogramming
model(Alfares, 2023) Mathematical expressiomgve numerous advantages over other
types of representation of an optimization probldime foremosbne is the precision,
clarity, and brevity omathematical mode(€ottle and Thapa, 201Additionally, using
models to depict realistic problems, we can conduct numerical experiments on computers,
which would otherwise bguitecostly to implement in a physical contéxterms of both

resources and timEottle and Thapa, 2017)

The concept of a mathematical modefundamental to mathematical optimizatidio.
formulate acomplicated practicalrobleminto ahighly concisemathematicainodel, we
should have a deep understanding of the proldedchdeterminethe following three

fundamentaklementf an optimization moddAlfares, 2023):
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(i) Decision variables(that are with unknown values to be determined and
implemented by decision malsgr

(i) Objective function(that is an expression of the decision variables to be optimized,
i.e., minimize or maximize, reflecting the criterion of evaluating whether a solution is
better than another); and

(i) Constraints(that area set of equations afut inequalitiesrestrictingthe values

of thedecision variablés

After thesethree elements ardentified, thenextquestionarising ishow toconstructan
appropriatemathematicamodel Expertise inmathematical modellings usuallygained
from experienceThe following intuitive examples ar@resentedo demonstrate how

decision problems can be mathematically formulated and optimized.

Example 1: maximumparea rectangle problem

Problem: Among all rectangles of a given perimeter (denoted )oyvhich one has the

largest area?

Mathematical modelling process We can formulate the problem as an optimization
model. To this end, we need to identify the decision variables, objga@iwe constraints.
Specifically, the length and width of the maxin1amea rectangle are unknown and to be
determined (decision variables), denoted3anda) respectively. The objective is to find

the rectangle with a maximum areacfgobjective function). The perimeter of the
rectangle i) (constraint). Evidently, the length and width of the aegle should be
greater than zero (constraint). Then, the optimization problem can be formulated into a

mathematical model as follows:
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[E1]] Maxi mbae (4)
s.tcgd ¢ N (2)

aon @ . (3)

Then, we solve the mathematical model to derive the optimal solution. The optimal

solution to a mathematical model is a feasible solution (i.e., values of the decision

variables that satisfy all constraints of the model) that leads to the smallest/greatest
objective value for a minimization/maximization objective function. The optimal solution

is usually denoted by the symbol representing the decision variables with a superscript of

fi * 0, ¢ andck. According to Constraint (3), we havad - ¢ The area of the
rectangle satisfies thécy & - & N -0 o - —. Hence, when
& —(andthusS - ¢ -), the rectangle has a maximum area-of

The above question gives a numerical example. Based on the characteristics of problems
and the definition oflecisionvariables, weshould identify the most appropriate type of
mathematical models usedftwsmulatetheproblem, such akelinear programming (LP)

model, integer programming (IP) model, and MIP model. Let us use more examples to

make an elaboration.

Example 2: sand allocation problerfan example of LP_models)

Problem: Consider that a contractor has two warehodseandw .w has a total of
10 tons of sand an@ has 8.5 tons of sand. There are three construction“gjt&s, and
“Y that need 5.5 tons, 6.5 tons, and 2 tons of sand, respectively. The required amount of

sand is to be transported from the two warehouses. Table®ords the transportation
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cost from warehouses to construction sites. How to determine the optimal allocation of

sand from the two warehouses to the three sites to minimize the total transportation cost?

Table 3-1: The unit tansportation cosfrom warehouses to construction sites

Transportation cost Y Y Y
W 21 37 43
IR 44 23 28

Mathematical modelling processSimilarly, we first identify the variables, object{e

and constraints of the optimization problem to formulate a mathematical model. Six
variables are definedy (indicating the amount of sand (ton) transported feonto "Y),

@ (indicating the amount of sand (ton) transported ftonto “Y), @ (indicating the
amount of sand (ton) transported fram to Y), @ (indicating the amount of sand (ton)
transported frons to"Y), @ (indicating the amount of sand (ton) transported ftom
to"Y), andw (indicating the amount of sand (ton) transported ftomto “Y). The
objective is to minimize the total transportation cost, ge O T @

TW ¢o® ¢ ¢ .There are three groups of constraintsi{e demand of sand
from each construction site should be satisf{ge§ithe amount of sand provided by each
warehouse cannot exceed its invent@yd (ii) the amount of sand transported from
warehouses to sites are nonnegative values. Then, the optimization problem can be

formulated into a mathematical model as follows:

[E2] Mininmg@e o TO TW (O CU¢ (&)
s.tw o ud (5)
W W (0] (%)

Chapter 3: Research Methodology 51



®w ® (3F)

O ® © pT (38)
O O o Ul (®)
© 1o o mw o (40)

where ConSW&gi Mtud f§3 I the demadh)d ¢ (sAAnd,
1 mi t the supply ofilOpadefi aeass Chbasdoamiann

vari abl es.

Thfeor mul ated [ E2] is an LP model, which mea
function, subject to linear constraints t

( Nemhauser et abtcal d9BP) mo&#ekrs smaéel can wuse

cadlcate the optimal solution (see Fylstra e
satisfades® dhatywy mnmeg N ¢ , cand . Then, the
mi ni mum total transportation cost, i.e., op

Example 3: labor allocation problenfan example of IP_models)

Problem: Consider a contractor that has a construction site. The site now needs 5 workers
with skill A, 6 workers with skill B, 15 workers with skill C, and 6 workers with skill D.
The company has a group of workers, as shown in TabldH®w to determine the lab

allocation to minimize the total labor cost?
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Table 3-2: The categories of workers in the company

Category Description
1 15 workers with skills A and Bhecost of one worker is $1000
2 17 workers with skills A and Ghecost of one worker is $1200
3 10 workers with skills C and Dhe cost of one worker is $1300

Mathematical modelling process To formulate a mathematical model, decision
variables are defined as follows: (indicating the number of workers from thé& 1
category to fulfill the labor requirement of skill Ap, (indicating the number of workers
from the P category to fulfill the labor requirement of skill B (indicating the
number of workers from the’category to fulfill the labor requirement of skill C), and
@ (indicating the number of workers from thé' tategory to fulfill the labor
requirement of skill D). The other eight variables,® ,®» ,® ,® ,® ,® , and
w are defined in a similar way. Also, defide as the set of nonnegative integdiisen,

the optimization problem can be formulated into a mathematical rasdellows

[E3] Mi ni mipzienan w w0 Pt w W W

pPpOTLT W ) () (41)

s.tw () () () p L (42)
 ® ® o  pX (43)
® O ® ® pT (d4)
® ® w v (45)
AT S S0 (46)
® ® O  puU (4a7)
AT S I ) (48)

(49)
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wher e Obj ectlilve afiumsc ttiboomia(h3d miabert kKedgt , Con:
(dA4) are related to the capacit-¥50038wor ker
fulfill the demand of the construction site

(4A9) defines tbesdomavaroables. de

The formul ated [E3] is an I P model, which ¢
variables in an | P model can only take i nte
compute the optimal solwdaliowuml aotfi dPP onfo dleP smo «

more difficult -donsumi mag)c ht hmom et tatmeof LP m

Example 4: PC production problerfan example of MIP_models)

Problem: Consider a manufacturer that has 10 tons of concrete as raw material to produce
PCs of three types (i.e., A, B, and C). PC production costs consist of fixed costs (e.g., cost
of equipment) and variable costs (e.g., costs of raw materials and labor)efineed
costs, the amount of concrete required for production, and the selling price of the finished
PCs are shown in Table® How todecidethe allocation of raw matersto maximize

the total profit?

Table 3-3: PC production costs, selling prices, and concrete consumption

The amount of concrete

t;);:e Fixed cost ($) Vazgzjbi‘laecg; st S?gg?egg;: © required forproduction
(ton/piece)
A 100 56 500 0.3
B 60 75 650 0.5
c 25 50 320 0.1

Note Parameter setting is used for example only and may not penfeptisent the reality.
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Mathematical modelling process To formulate a mathematical model, two types of
decision variables are defined) binary variableso , ®w , andw to indicate whether to
produce PCs of types A, B, and C, respectivahy (i) continuous variables , & , and

w to indicate the amount of concrete to produce PCs of types A, B, and C, respectively.
Then, the optimization problemaformulated into a mathematical model as follows:

[E4] Maxi mi zemr @QUR OC R PTG @M ¢ ®

LO—- XUL3 LT (20)
Ss.tw W w pT (21)
T W pD (22)
T O pw (23)
T O P (24)
who o N 1ip (25)

where Objective function (20) aims to maximize the profit of PC production, &6l
represents a floor function (e.§:,0 o). Constraint (21) ensures that the total amount
of concrete used for production cannot exceed its inven@ogstraints (22)i (3-24)
link the two types of variables. For examplepif 1 thenwo T ifw p, thenm

@ p mConstraint (R5) defines the domain of the decision variables.

The formulated [E4] is an MIP model, which differs from an LP model (or an IP model)
in that some decision variables can only take integer values and the other decision
variables can take fractional guanteti es.

optimal solution of MIP models.
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There arevarious criteria used to classify mathematical madeds example,

i) Based on whether the model is linear or. not
LP models
Nonlinear programming models

i) Based on whether thariablesare integers or not
IP models
MIP models
Continuous programming models

iii) Based on whethemcertainties are considerednot:
Deterministicmodels
Stochastienodels

iv) Based on the number of optimization objectives:
Single-objectivemodels
Bi-objective models

Multi-objectivemodels.

It is important to note that the aforementioretgssification criteriaare notnecessarily
mutually exclusiveas exemplified by muhobjective MIP models.To determine the
appropriataype ofmathematicamodelformulated the followinginformationshould be
analyzedandidentified (Pundir, 2020.

i)  What are the variables optimized? What are their domains?

i)  How manyobjectivesareconsidered? Specify the objective(s).

i)  Who makes the decision, and if there e than ondecisionmakers, how do

they interact?
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3.3.2 Algorithm design

After the mathematical modelling of decision problems, the subsequent qusstom
t o figet sobTheproeessoivaealyzing the properties of the formulated model and
developing suitable methods for its solutions is referred to as algorithm d&slghon
techniques commonly adopttat problemsolving includgi) solvers, (ii)exact methods

and (iii) heuristic algorithms

The rapid development afomputer hardware and software has made it possible to
directly solve optimization models of relée problems using the programs and packages
embedded in various types of solvetoitle and Thapa, 2017; Alfares, 2023owever,
Solvers are applicable only to smadlaleoptimizationproblems.For example, tafour
examplegpresented in Section 3.3ate allof smallscalesso thatheEx cel 6 s sol ver
serve as an effective solution methaédlditionally, there are commercial solvers, such

as Gurobi, CPLEX, and Cardinal Optimizer, which are more computationally capable
t han Ex c &dré&ampe@PLBEXéused to solve the modetoposedn Chapter

6. However,almost allcommercialsolvess currentlyimplementedare intractableto IP

and MIP model®f largescales. This is the usual cashkie to optimizatiordifficulties.
Optimization difficulties arise when theathematical modslincorporate:(i) a large
number ofdecision variablegespecially integer variablesind constraint¢especially
thosewith manynonlinear parfs (ii) discontinuousbjective functios, and (iii) multiple

locally optimal solutions (requiring techniques for glologitimization) (Snyman and
Wilke, 2018. For example, in the sand allocation problem presented above (example 2),
there may be 100 warehouses and 1,000 construction sites-iifiersalttings, resulting

in acomplicatednathematicabptimizationproblem with 100,00@ecisiornvariables (i.e.,
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p Tt TTp T Tk 1Bolving realistic problems o# large scale using commercial solvers is

extremelytime-consuming.

The calculation otomplicated optimization problenmslies primarily onsophisticated
computational methods called algorithrf@ottle and Thapa, 2017An algorithm is
defined as a set of wellstablished computer programs that ted@se valus (or set of
values) as inpstand produces some vak(er set of values) as outmflyanofsky, 2011).

A large number oéxactandheuristic algorithmé&ave beexesignedor problemsolving
Exact methods (e.g., exhaustive search, dynamic programming, and branch and bound)
are systematic algorithms thethaustivelyexplore the feasible region amentify the
optimal solutionaccording taheir specific computational mechanisméthough exact
methods ensur@e global optimality of the derived solutiohis usuallycomputationally
expensive tperform This isdue to the exponential grow of computational complexity
as problem size increasesaking exact methods impractical fmymplicatedproblems.

In caseswherethe optimal solutionis excessivelytime-consumingto computedue to
factors such ason-convexity, stochastity, bi-level or trilevel structureanda large
number of integer variablean effectiveand efficientalternative is talevelopheuristic

algorithmsfor model calclation

Heuristic algorithméiave wellestablishedbgical rules of thumifor iterations to quickly
search the feasible region and determine a-figlity but not necessarily the global
optimalsolution.Various randomized search techniqassused to avoid getting trapped
in local optimumsNumerous statef-the-art heuristic algorithms have been developed
and appliedo addresdargescaleoptimizationproblems For exampleparticle swarm

optimization(PSQ andnon-dominatedsorting geneticalgorithm-11 (NSGA-11) areused
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to solve the optimization modetsoposedn Chapters 4 and, SespectivelyParameter
tuning the process ofletermininga set of parameter valugs achieve high solution
performances animportant techniqueshen a heuristic algorithms developedor model
calculation(Monteroet al., 2014 Yeguaset al., 2014;,CabreraGuerreroet al., 2017
Pereireet al., 202). Manytuning methods have been developed, sagnplingmethods,
modetbased methods, screening methods, and evetlaitionary algorithmgEibenand

Smit, 2011 Chenet al., 2016Huang et al.2020.

Despite the numerowdgorithms developed for model calculation, there does not exist a
solution method generally applicable to all types of optimization problems (Nocedal and
Wright, 1999).Generally, the properties of the formulated model are analyzed to select
anappropriate algorithm for problesolving (Snyman and Wilke, 2018). We can use t
following two criteriato evaluate thdevelopedlgorithms(Alfares, 2023)(i) optimality
gap(i.e., the difference between the objective value calculattiiedevelopedilgorithm

and the optimal objective valyand (ii) computational timei(e., thetotal time required

to computean optimal/neaoptimalsolutionusing the developed algorithm

3.3.3 Experimental validation

After problemformulation and algorithm design, the effectiveness of the model and the
efficiency of the algorithm are validatétroughcase stugs Case study is a fundamental
validation method widely useéd empirically investigate a problem in a réf scenario

(B a g k ar a)dTae pro@edsb#experimental validation is shown in Fig2e
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Official & industry documents

@ Collect data for case validation

——{

Relevant academic publications

@) Set the data as model inputs performing a preprocessing step

® Calculate the optimal solutions using the developed algorithm ]

Government: policy implications ]

@ Provide analysis & implications

Industry: managerial implications ]

Figure 3-2: Key proceduresf experimental validation

First, extensive data are collected éxperimental validatiorin this studyHong Kong

is selected focase stuigs Hong Kong is a densely populated city, and it faces formidable
challenges in terms of space and labor constréffitst al., 202). These characteristics
aregreatincentives for the Hong Kong government andltioal construction industry to
embrace the innovative prefabricated construction. Botgdkiernment and the industry
of Hong Konghave recognizethe significanceand turned supportiveattitudes toits
promotion.Dataused for experimental validatiare collectedfrom official documents
releasedby thegovernment departmerasdthe ndustrycouncilof Hong Kong Various
relevantacademicpapersprovide supplementary informatiofhe official reports and
academi@ublicationscancomplement each other atitisprovide rich realistic data for
our validation case stigs Second, the collected data are set as moal@metersifter
performing simplepreprocessingteps Third, the optimal solution of the investigated
problem is calculated using the developed algorithm. Findily,derived results are
analyzedand discussedo provide policy recommendations for the government and

managerial implicatianfor the construction industry.
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3.4 JUSTIFICATIONS FOR METHODOLOGY SELECTION

With the advent of computingowerand digital technologies and the vast development
of advanced algorithms, mathematical optimization methodology has a wide range of
applications in theonstruction industrysuch ashelayout planningdf construction sites
(Lietal., 2015; Hawarneh et al., 2021), labor and resource allocation (Yi and Wang, 2016;
Yi and Sutrisna, 2021), artte supply chain managemeott off-site constructiorYi et

al., 2020; Ho et al., 2022).

There are threeutstandingadvantages of using mathematical optimizationmn(ath

based presentation improves the precision and conciseness of problem description and
formulation; (i) many stateof-the-art algorithms can be adapted to mathematical models;
and (ii ) optimal solutions to complex problems can be efficieswlyedwhen computers

are used to perform model calculatioBgecifically, the trilevel programming problem

(to be investigated in Chapter 4) and tve bi-objective programming proéirs (to be
investigated in Chapter 5) are extremely complicated. Modelpremisely describe the
problem. Although a problem is generally less vegéluctured, a model is wedkructured.

We can solve the model (using establiskellitiontechniques andomputersoftware)
instead of directly solving the problemfiwe do not establish mathematical models and
perform the calculations using computers;ah bebarely possible for decision makers

to obtain one feasible solution, not to mention an optimal solution, to the investigated
problem based otheir observatios or intuitions; however, we can obtain highality
solutions by using mathematical optimization methodology. T&gslainthe motivaiton

to choose mathematical optimizationths usednethodology.
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3.5 SUMMARY

This chapter provides an overview of the mathematical optimization methodology used
in the study and further elaborates on the four key procedures of this methodology. Then,
justifications for selecting the mathematical optimization methodology are prdgent

establish its validity in terms of achieving the four proposed research objectives.
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Chapter 4: Optimization of Tri-level
Prefabrication Subsidy Plan?

4.1 INTRODUCTION

To increase the uptake of prefabricated construction, numerous governments worldwide
have begun to offer subsidiestielp practitioners offset the high overall costs of using
prefabrication. fis chapteaddressethegovernmerimanufacturergontractors subsidy
allocationproblemof a trilevel structurgResearch questial). The chapter isoutlined

as follows Sectiord.2 introduces théackgroundSectiord.3 identifies the research gaps

and the contributionsSection4.4 presents alearproblem statement and formulates the
investigated problermto a tri-level programmingnodel. Section %.develops a PSO

based solution metho&ection4.6 validates the proposadodel and algorithnthrough
arealtlife case studyf Hong Kong.Section4.7 presents conclusiorend summarizes

the wholechapter.

4.2 BACKGROUND

Prefabrication is a promisirgpnstruction technology (Jaillon and Poon, 2014; Hao et al.,
2020; Pan et al., 2022vhen prefabricad corstruction is used, building components
are manufactured in factories rather than assite environment and then delivered to
sites forrapid installation. Prefabrication can greatly reduce thesiom labor demand,
thus havingpeernwelcomed byhumerougountries and regions such as the US, Singapore,

Japan, and Hong Kong (Tam et al., 2015; Pradhananga et al., 28gégiallythose

1Yi, W., Wang, H., Zhen, L., Chan, A. P.,2024. Optimal trilevel governmenmanufacturergontractors subsidy planaximizing
local prefabricated product usage and minimizing transport emissions. |IEEE Transactions on Engineering Managa&gént
3553
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facing labour shortages and/or unmet housing demahgdserousgovernmerg have
embarked on a host of efforts to devetolpcalprefabricatiormarket(CIC, Hong Kong,

2017a & 2018Wau et al., 2021BCA, Singapore, 2023a

As locally produced PCs have lowtagistics coststransport emissiongnd risk of
damage to componen(€IC, Hong Kong, 2017)many governments are dedicated to
facilitating the development of local markély establishind. PFs furtherpromoting the

use of prefabricated constructidfor example, st PFs in the UK are located time
northeast of the kingdorithe Welsh (southwest UK) governmsrectively encouraging

the use oprefabricated construction and is offering financial support for manufacturers
and promotfingsaof&pps b adKCross®Gector 20308eveeame n t
LPFs have consequently been built in this region, and supply chains are being developed.
The Welsh government invested £20 millioabpoutUS$27.5 million) in prefabricated
businesses in 2020, including capital investment in L@¥sIsh Government, 2020)
According tothe Ministry of Housing and UrbaRural Developmenb f t he Peopl e
Republic of Ching2017),the Chinese governmehas promulgated a series of policies

to guide the deployment &PFs, including financial support, rational supply in terms of
capacity and capability, as well as location selectiamthiérmore, ihancial suppoite
strategiege.g., tax relieindproper subsidy) hee been advocatefr establising LPFs

by provincial and municipal governments in Chimeg., GuangdongGovernment of
Guangdong Province China, 201T additionto the UK and Chingthe Singaporean
governmenhas formulated a plafor the development of Integrated Construction and
Prefabrication Hubs (ICPHs) with 3@ar lease termgy increagthe local supply of PCs

and volumetric module@BCA, Singapore, 2023aCurrently, fve ICPHs havalready

been completed and four are under planning. Manufactr&iggaporeanreceive tax
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relief on the capital expenditure incurred in the construction of IGBB#, Singapore,
20179). Additionally, the Malaysian governmeahnounced that LPFs producing at least
threetypes ofPCs would be eligible for an investment tax allowance from 2021 to 2025
(Ministry of Finance Malaysia, 2021)ow, governmentsvorldwide are supporting the

deployment of LPFs to promotiee use oprefabricated construction.

Typically, three partiesand their interactive relationships should dsmsidered in the
design of governmealtsubsidyplarsfor the establishmemtf LPFs i.e.,(i) government,

(i) manufacturers, an(lii) contractors as depicted in Figure-# As the provider of
subsidies, government is the primary decigiwmaker in designing a satisfactory subsidy
allocation plan within a given budgéflanufacturers decide whether to establish LPFs,
and pay for the construction cost and annual land rental cost of LPFs (if they choose to
establish LPFs) and direct production cost proportional to the quantity of PCs produced
(if the established LPFwe engaged iIRCproductior). Contractors are the buyers of PCs,
and they can purchase PCs from both offshore@a PC markets (Niu et al., 2017; Xu

et al., 2021)For example, somepresentativeffshore PC supply chairgeSingapore
Malaysia, Europ&hina, and the U&hina (Lu and Yuan, 2013pespite the competitive
prices, offshore PCs hadeawbackssuch asnconvenient monitoring ancomplicated
customs clearangaroceduregCIC, Hong Kong, 2017aThe longdistance delivery of
offshore PCsalsoleads to extremellgigh transportation costs, carbon emissions, and risk
of accidental PC damag€o address these challenges, many governments are dedicated
to offering subsidies to local PC manufactuyéns thedevelopment oflocal PC market
andthe promoton of prefabricated construction. When manufacturers receive sufficient
subsidies from governmenthey are more willing to establish LPFs and set a reasonable

price to attract orders fromocal contractors. When the prices of local PCs get reduced,
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contractorsare more likely to usthe PCs produced by local manufacturersmiaiure
local prefabrication markets and promote the use of prefabricatisthereforeof great
significance toconsider the interacns betweenthe government, manufacturers, and

contractorsanddesigna winwin-win subsidy plarfor the three parties.

Contract with
prefabrication
requirements

Buyer-and-supplier Subsidy
relationship allocation
Manufacturer |+ Government

hd

Contractor <

v

Developer

Purchase Production plan &
decision supply decision

—x -
@m‘iry ofPCs\ ﬁ-‘ iuvesr;e@

f}gm each F;F/ chgilcmg If@/

Figure 4-1: Relationship of relevant stakeholders

In this chaptera tri-level model ofthe governmentaprefabricationsubsidy progranis

developed, whiclcan be used as a managerial tool to attract invessimebPFs within

aregion, thereby maturing the local prefabrication market. The proposed model will guide

a government in developing an opéihsubsidy policy that maximizes the local economy

and the environmental benefits while incentivizing manufactuastee proposedgolicy

is constrained by manufacturersé needs to m
made by contractors aimed at minkinig their costs. Hong Kong is selectedconduct
avalidationcase studyandthe proposed methodology can be applied to other countries

and regions for the formulation of their tailored subsidy policiggomote prefabrication

4.3 RESEARCH GAPS AND CONTRIBUTIONS

Based on the literature revigwesentedn Chapter 2, we observe an increasing interest
from the industry and academia in promotthgwider implementation of prefabritad

constructionthrough government incentive policjdsut thechallengeof generating a
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effectivetri-level prefabrication subsidy plan has not yet been well examined. Several

research gaps are identified as follows.

First, although a few studies have attempted to optimize subsidy policieshdvey
mainly focused on a bi-level relationship between the government and manufactorers
between the government acohtractorsisingevolutionary game models optimization
models but haveoverlookedtheintertwinedtri-level relationshipetween government,

manufacturers, and contractors.

Secondmoststudieson prefabrication policy desigmveassumd an average price for
PCs of different typefor simplicity. However,PC prices arguite different in terms of
theirtypes(e.g., precast slabs and colunmasedifferentsellingprice9 andorigins (e.g.,
precasicolumnsproduceddy the US. and Chnese manufacturetgve differenselling
priceg. Such price differencesomplicate the purchasing decisions of contractors in real

life scenarios and should thus be considevbedndevelopinga subsidy policy.

Third, the majority ofevolutionarygame models or optimization models proposed in the
literaturehave notconsideredhe dimension of timée.g.,neglectingthe inflation rate
andthenumber offuture constructiorprojectsin acountryor regior). However the one

off optimization is highly susceptible to ineffectivenemsda well-acceptedjovernment

subsidy policynustbe consideredta longterm horizon

To fill these gapghis chaptemvestigatsthe trilevel subsidy allocation problem within
a 20@year planning horizon by considering numerous practical factatadingPC price

differencespffshore marketompetition, annual subsidy budgetad themaximumsite
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coverage and plot rate of candidate LPFs. To the best of our knowiledgeesents the
first attempt at developing tai-level subsidy allocation plaand conduahg a reatlife
case study to validate the effectiveness of the models and algorithm, making the proposed

methodology more applicable to a i8¢ environment.

4.4 PROBLEM FORMULATION
4.4.1 Problem description

Consider a region with one government, multiple manufacturers, and multiple contractors.
Decisions ofthe three parties, i.e., government subsidies, manufacturer investment, and

contractor procurement, are mutually dependesghown in Figurel-2.

---------- > —( The highest level-government )—

Decision: \ the unit subsidy price

1. Offer subsidies

Objectives: {" maximize the used local PC
to manufacturers \ p

__________ i minimize carbon emissions

I's hY
I potential LPF sites :
| .
! annual land rental | —( The middle level-manufacturers )—
| 1 - -~ T
1 construction cost I Decisions: {_ the unit price of local PCs
| 1
| production cost 1 the land area of LPFs
__________ ’ P
Objective: | imi

2. Price and sell jective: {  maximize the total profits

the local PCs to

contractors —( The lowest level-contractors )—

total quantity of PCs Decisions: ‘ quantity of local PCs ‘ 3. PC purchasing

selling price of PCs {_ quantity of non-local PCs ) the two objectives

Objective: { minimize the total costs ; | of the government

1
I
I - -, | decisions influence
I
I
I

logistics cost of PCs

Figure 4-2: Tri-level governmefitmanufacturdércontractor subsidy problem

Theprefabricatiorsubsidy problem investigated in this chapter fully captures thevii

interactions between the three partépecifically,the government aims to formulate a
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subsidy allocation plan for establishing LPFs (the higleagl model)jn orderto achieve

its goals of maximizing the use of local PCs and minimizing the emissions of transporting

PCs from PFs to construction sites while anticipating the responses of both manufacturers

and contractors. Manufactureesact tathegovernment decision amdakeLPF decisions

(the middlelevel model) to maximize their profits from selling PCs to contractors while
anticipating the response of contractors (the loweatl mode). Finally,ont r act or 6 s P
procurement decisions will affect gover nmen
highestlevel problemThe cecisions are sequentially executed with all decision entities

seeking to optimize their own objectives and no decision entity can improve its objective

by unilaterally changing its decisions. Thel@vel programming modgdroposedn this

chaptemill objectively examinghecomplicatednteractions betweethreestakeholders,

thereby identifying an optial subsidy plan for LPF deployment.

Considera governmenthatplans to provide subsidiés manufacturerswith objectives
of developing a local PC market and redudimgcarbon emissionassociated with PC
transportationin a planning horizon dfyyears (indexed by). There ared candidate
locationsfor establishing_PFs and) already establishedut-of-town PFs (indexed by

Q. All the notation usethroughouthis chapteriis listed as follows.

Indices

0 index for year

o] index for PC type

0 index for sitdocation of LPFs and owdf-town PFs
Q index for project
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Parameters

Y planning horizon (year)

Y thenumber of PC types

0 the number of candidate site locations for LPFs

0 the number of oubf-town PFs

0 the government budget in yea($)

0 the number of projects in year

0 the quantity of PCs of typ@ required by projectin yearo (ton)

- floor area ratio at locatiol®
0 maximum site coverage area at locaf@n

. the selling price of PCs of tygeproduced by the otdf-town PF at locatior

v Qin yearo ($/ton)

® annual production capacity of a unit floor area (tdiy/m

. the unit production cost of PCs of typeroduced by the LPF at locatid®

© in yearo ($/ton)

” the rental cost of a unit floor area of the LPF at locafiimyearo ($/n)

i the construction cost of a unit land area of the LPF at loc&inryearo
($/n?)

, the unit transportation cost of PCs from the LPF at loca@tmproject'n

Q yearo ($/ton)

, the unit transportation cost of PCs from the-afstown PF at locatiorfto

O project’@n yearo ($/ton)

! the amount of C@emitted by transporting one ton of PCs from the LP!

Q location™to projectQkg/ton)

! the amount of C®emitted by transporting the raw materials to produce

Q ton of PCs from oubf-town material factory to LPF at locatid®(kg/ton)

o the amount oCO, emitted by transporting one ton of PCs from theafut

town PF at locatioffXto projectCikg/ton)
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Decision variables

() the incremental land area of the LPF at local@n yeard (m?)
N the price of PCs of typé produced by the LPF at locati@®n yearo ($/ton)

the quantity of PCs of typé that projectQpurchases from the LPF .
locationQin yearo (ton)

the quantity of PCs of typ@that projecfQpurchases from the ocof-town
PF at locatioriQin yearo (ton)

the unit subsidy price for the PCs of typp@roduced by th&PF at location
Qin yearo ($/ton)

From the perspective of tlgovernment, the subsidy plan filie establishment of LPFs
is to be determinetb maximize the total amount of PCs ugedonstruction projects and
to minimize the total amount of transpadrbonemissions. The number of typesPCs
subsidizedy the government i% (indexed byo). In each yeab, the governmerdecides
the unit subsidy price for PCs of typeproduced by the LPF at locati@denoted by
i, $/ton) but thetotal amount obubsides offered by the governmentyearo cannot

exceed théudgetof yearo (denoted by , $).

From the perspective of the manufacturers, the deployment of the new LPFs and the unit
price of PCs of each typse to be determingd maximize their total profits. iie floor

area ratio and maximum site coverage area of the LPF at lo&tiqot h) areknown

as— ando , respectively. First, the manufacturers decide whether to establish an LPF at
location™Qin yearo, and further decide the incremental land area of the LPF at lod@tion
inyeard oD phB AY(denoted by ). The total land area of the LPF at location

in yearo cannot exceed the maximum site coverage areaBi.e.,® 0 .AsLPFs

are multistorey, the floor area of the LPF at locatlom yeardisB - @ . The
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annual production capacity of a unit floor arsadenoted ago (ton/n?), and the
production capacity of an LPF at locati@n yearoisthus equaloB ~ w—- & .The
establishment, expansion, and operation of LPFs iizland rental,(ii) construction
costs and(iii) direct production costd.o be pecific, the total land rental cost that the
manufacturers need to pay for the LFP at localidover the planning horizon is
"o " B & E " B & B B " ¢ , where” is the
rental cost of a unit floor area of the LPF at locafn yearoand increases annually.
The total construction cost that the manufacturers need to pay iscdf @momstruction
cost expressed as ” @ " ®© E " & - B " ® ,where” is
the construction cost of a unit land area of the LPF at loc&danyearo. The unit
production cost of PCs of tygeproduced by the LPF at locati@@in yeardis & . The
manufacturers then decide the selling price of PCs ofdym@duced by the otdf-town

PF at locatioriQin yeard (denoted byy , $/ton).

From the perspective of the contractors, the quantiBGxf purchased from the LPF and
out-of-town PFsis to be determinetb minimize their total costs. In yeércontractors
havel projects (indexed bi andthe quantity of PCs of typé required by projectis

0  (ton). In yeam, the contractors choose to purchase PCs from the established LPFs
or the outof-town PFs. The selling price of PCs of typeroduced by the otdf-town

PF at locatiolQ 0 pM R 0 isdO ($/ton). The unit cost and carbon emission

of transporting one ton of PCs from the LPF at locatiamd PF at locatiof® to project

On yearoareQ andO ,Q andO |, respectivelyNote thafQ is also defined to
indicate the transport emission of raw materials used to produce one ton of P@sfrom

out-of-town material factory to LPF at locatid® In yeard, contractorgleterminethe
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quantity of PCs of typé that projecfCpurchases from the LPF at locatigdenoted by

@ ) and the oubf-town PF at locatiofQ (denoted byd ).

4.4.2 Model formulation

Thefollowing tri-levelinteractions between government, manufacturers, and contractors
shouldbereflectedin the established mathematical modkatst, he subsidy provided by

the governmenimpactsthema nuf act ur er s d &RFiedablishment r egar d
andexpansion and the ursellingprice of local PCsSecondmanuf act ur er s6 de:
further influencehec ont r act or s6 choi ce of-of-@PunsPFspr oduce
Finallyycont ractorso6 decisions in turn influenc:
subsidy price foftocal PCs per ton. According to ttig-level interactionsand notation

defined inthe previous action,the objectivesdecisionsand constraints of government,
manufactuers, and contractoare formulated intothe following mathematicamodels

[G], [M], and [C], respectively

[C] . -4 , . . (4-1)
iEB B B B Q Q& B 0O
w

st B B B & i 6 pBHY (4-2)
o © M pMBAIWQ pBRM pBHARY (4-3)

Objective function (41) indicates the two objectives of the government, i.e., maximizing
the quantity of local PCs used by the contractors and minimizing the amount of carbon

emissions associated withe transportatiorof PCs Note thatty andw  are the

optimal values ofo andw  of [C], respectively Constraints (4€) guarantee that
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the total subsidies offered by the government within 20 years cannot exceed the subsidy

budget. Constraints {8) define the domains of variakle .

M T AB B B B 1§ i ® B " ®
-7 ® B B o « (4-4)
stt. B & 6 hQ pMB M pMBRY (4-5)
® M mhQ pB M pB YD  pB RY. (4-6)

Objective function (44) indicates tht manufacturers aim to maximize theotal profits

whereed andw  are the optimal values @6 andw  of [C], respectively.

Here,it is assumd thatall manufactureraim tomaximize the total profits instead of their

own profits, as this better reflects realiédg maximizing individual profits will lead to a
zeroprofit condition for manufacturers (Adida and DeMiguel, 201d9nstraints (4b)
ensurethatthe area of each established LPF cannot exceed its maximum site coverage

area.Constraints (46) define the domains of variables andn

[C] TEB B B B 1/ Q@ w B 0 O w

oud® own
(4-7)
st B B B w-& hQ pBhHM pMBHY (4-8)
B B @ 0 B pBAVNQ pB M pBAY (4-9)
) o pfB AIQ pfB HRQ pfB M  pfB AY (4-10)

&) o pBAYQ 0 pBH O pBD pBARY (4-11)
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Objective function (47) indicates that contractors aim to minimize their total costs

instead of their own costs. This assumption has little effect on government concerns (less

than a 1% error) but significantly improves the tractability of the modelt(di,&2025).
Constraints (@) impose that the quantity of PCs purchased from each local LPF in each
year should be no greater than the maximum annual production capacity of the LPF.

Constraints (4€) and (410) define the domains of variables andw |, respectively.

4.5 ALGORITHM DESIGN

To implement an effective solution method, this section &inslyzeghe complexity of
the government subsidy allocation problem. The proposéelvel programming model
involves the decisiongonstraintsand objectivesf three interactive entitieandsuch a
hierarchical structutewhere one optimization problem is embedded in anogneatly
increaseshe problem complexity. In tis study,thetri-level model is composed of three
hierarchical optimization problems, where the lowestl model [C] (i.e., the

contractorso deci si on mo-teel model [M] (ie.ethet e d

Wi

t

manufacturersodé deci si on mo-keelmodebd]isiallos const

nested within the highest mod el [ G] (i
constraints. It is well recognized that problem complesitigstantially increases when a
decision model incorporates more than two le¢iglair, 1999. The investigated problem
featuresa tri-level structure, which is one of the most challenging decisiaking

structuregZhang et al., 2015

At the highest level, model [G] is-bbjective, where the first objective function (denoted
by "O) is norrconcave and discontinuoust the lower two levels, models [M] and [C]

constitute a blevel linear programming problem, which was proven to be generaly NP

Chapter 4: Optimization of Trilevel Prefabrication Subsidy Plan 75

e .



hard BenAyed and Blair, 1990 The nonrconcavity and discontinuity of objective
function”O in model [G] and the Nihardness of models [M] and [C] demonstrate the

complexity of the investigated problem.

Proposition 1 Objective functioriO of model [G] is horconcave and discontinuous.

Proof: We construct the following case: there are two candidate LPFs (LPF 1 and LPF 2)
and one oubf-town PF (PF 1). The total costs for producing one ton of PCs (including
factory construction costs, land rentals, and PC production costs) for the two LPFs are
1.99 per ton. The unit selling price of PCs produced by the@®igwn PF is 0.5 per ton.
There are two local contractors (contractor 1 and contractor 2), and both contractors
require 100 tons of ton PCs. For contractor 1, the unit transportattrircm PF 1 to

site, from LPF 1 to site, and from LPF 2 to site is 1, 0.49, atl respectively. For
contractor 2, the unit transportation cost from PF 1 to site, from LPF 1 to site, and from
LPF 2 to site is 1, Hp, and 0.49, respectively. The government has a budget of 100 used
to subsidize the LPFs. Denote the unit subsidy price offered to LPFs 1 ahdahds |,
respectively. There are three subsidy allocation planslf the government offers
subsidies to LPF 1 with a unit subsidy price of 1 per ton, thenlLW®H set the selling

price to 1 per ton (otherwise it is not profitable). The total amount of PCs produced by
LPFs and used by local contractors (i.e., the value of objective 1) will be 100 tons, and
the total subsidies required by LPF 1 willfppe p 1t 11 p T1.7AS the total budget is 100,

the government will not have additional subsidies offered to LPF 2 and thus LPF 2 will
not be established. Thus, whien pandi T, we havéO i H p TLTGI) If the
government offers subsidies to LPF 2 with a unit subsidy price of 1 per ton, similarly,
LPF 2 will set the selling price to 1 per ton, the value of objective 1 and the total subsidies

required will be 100, and LPF 1 will not be established. Thwigni mandi P,
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we haveO i H p T.1{ii) If the government offers subsidies to both LPFs with a
unit subsidy price of less than 1 per ton, both LPFs will not be established and the value
of objective 1 will be 0. Thus, whén {§ pandi i p, we havéO i h Tt

The graph of objective functiéi® in the above example is provided by Figd+®, which

clearly showsitsnom oncavity and discontinuity. Y

100 “’2’]00)

As F;(1,0) =100, F(0,1) =100, and
(0,1,100)
F1(1,0)+F; (0,1)

> Fi(0.50.5) =0, F;(05,0.5) < R

dissatisfying the concavity of a maximization

1

050 objective function.
K“ ,E‘q

Figure 4-3: Graph of objective functiof© of model [G]

To efficiently solve the complicatedevel optimization problem, a tailoré&@5Gbased
solution methods proposedPSO was first introduced by Kennedy and Eberti®®5)
and has been widely used to solve lasgale optimization problenderived fromreat

life scenariogBehnamian, 2017; Shavarani et al., 20&@&ng et al., 2023).

A PSObased frameworis proposedwhereparticles argenerated andgised to iteratively
search for the highesind middle level variables (i.e., decisionzade bythe government
and manufacturers¥he lowestlevel variables (i.e., decisiomsade bythe contractors)
arethensolved using an ofthe-shelf commercial solver,e., CPLEX. The algorithmic

framework is depicted in Figure4.
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[ Set the PSO parameters ]
]

[ Initialize variable s for particles ] -
|

Update the values of

( L) | variable s for particles
{ Initialize variables a, p for particles ]
:...‘:' Inner iteration =*****=+=*rssssssssrsensasannsnss I ......................................................................

Update the values of
v L variables a, p for particles |

All values of variables

of the highest and
a, p searched?

middle levels

[(‘alculatc the objectives

( Update personal and global |
best of inner iteration

Solve the lowest level
variables by CPLEX

: .

Update personal and global
best of outer iteration

I values of variablé
s searched?

N

erminate
uter iteration?

[ Output the optimal solution & objectives

Figure 4-4: Algorithmic framework of the proposed PS@sed heuristics

The frst step is stting PSO parameter#n this study, the number of inner iteratiofs
(indexed byQ and the number of outer iteraticidindexed by are three and five,
respectively, giving a maximum number of 15 iterations in total. The number of particles
‘dindexed byQis 25, and each particle contains two types of position information. The
first type corresponds to the values of varidble and the second type corresponds to
the values of variable® andny . Specifically, in each outéinner iteration, there are

five possible values of variable (searched by outer iteration), and for each value of
i, there are five groups of possible values of variafdlesindry  (searched by inner
iteration). The learning factors andc are equal to 0.638. The inertia weights in inner
and outer iterations (denoted by and0 , respectively) are calculated using Eqs. (4

12) and (413) as follows:
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0 0 0 — 0 (4-12)

0 0 0 — 0, (4-13)

where0 ando are the maximum and minimum valuesiof and0 , setto 1 and

0.6, respectively.

The second step initializing the particle swarmA total of 25 particles (i.e’x 1, e,

25) are used to search for the decisions in the highest and middle levels. The velocities of
particle”®n inner iterationQand outer iteratioiffare denoted by andul, respectively,

and the positions are denoted dyandaf, respectivelyw corresponds to possible
values ofvariablestd andr) , andaf corresponds to possible valuesvafiablei

For each particléQwe letb  O[ 1, of is randomly generated, aad is generated

using CPLEX. Specifically, we use CPLEX to solve a new model with Constréif)s (

(4-6), and 4-8)i (4-11) whose objective is equal to Objective functi@4) minus

Obijective function4-7). The optimal solution to this new model is used to initialize

The third step isanducting the outé&inner iterations.For each value of variable

the outer iterations are performed according to the pseudocode (Algdrithnin each
outer iteration, there are five groups of possible values of variablesdry , and for
each group of values 6§ andr] , the inner iterations are performed according to the

pseudocode (Algorithm-2).
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Algorithm 4-1: Outer iterations

Step 1 (Perform inner iterations). For each value of variable , perform inner
iterations (Algorithnd-2).
Step 2 (Determine the best and update thearticles). Updatethe personal best ar
the global best of each particle according to Objective functel).(As Objective
function @-1) involves two objectives of the government, we find solutions witr
maximum amount of local PC used (i.e., the first objective of the government), a
one with the minimum amount of transport emissions (i.e., the second objective
government is regarded as the optimal solution. Then, we update the velocit
speed of the particles. The velocity of pdei€in the next outer iteratioifl p is
calculated as follows:

o VO o RO @ &I QOQi®d h
and the outer position of particlthe values of variable ) in the next outel
iteration"@ pis calculated as follows:

o w L 8

Step 3 (Terminate the outer iterations) Steps 1 and are repeated until the numb

of outer iterations i&d The outer iterations terminate. The obtained results are oL

Algorithm 4-2: Inner iterations

Step 1 (Check the feasibility of the middldevel model).If Constraints 4-5) cannot
be satisfied (i.e., the total area constructed exceeds the maximum site coverac

thengo to Step 4.
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Step 2 (Solve théowestlevel model).We apply the CPLEX to solve for the optir
solution to variablesy andw in the lowest level, whicls then used to updat
parameterss andd  in the two uppetevel models.
Step 3 (Check thefeasibility of the highestlevel model).If Constrains (4-2) cannot
be satisfied (i.e., the annual subsidy provided by the government exceeds the
subsidy budget), go to Step 4; otherwise, go to Step 5.
Step 4 (Randomize the infeasible particlesp new group of values of variablés
andr) is randomly generated. Go to Step 1.
Step 5 (Calculate the objectives of the upper two modelsiVe calculate the twc
objectives of the highes#tvel model and one objective of the midtbgel model.
Steps 15 are repeated until the objective values of the five feasible groups of \
of variablestd andr) for each value of variable are obtained.
Step 6 (Determine the best and update the particledpetermine the personal be
of each particlé&asn @ 'Q andl the global best of the swarm’@s) Qaccording to
Objective function 4-4). We update the velocity and speed of the particles.
velocity of particle(n the next inner iteratiof2 p is calculated as follows:

0 VU Qf NOQI @ ol QOQi ® h
and the inner position of particldthe values of variabled andry ) in the next

inner iterationQ pis calculated as follows:

@ @w UL h
wherei andi are uniformly distributed random values in the range (0, 1).
Step 7 (Terminate the inner iterations).Steps 16 are repeated until the number

inner iterations iSOand the inner iterations terminate.
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4.6 EXPERIMENT AL VALIDATION

After presentinghe problem descriptioand solution methgdve thenusethe data of
Hong Kong to demonstrate how to design dewvel subsidyallocationplan concerning

the government, manufacturers, and contractors and thus achievevanwgituation for

all three parties. The operating period of LPFs in Hong Konguslly20 yearqCIC,

Hong Kong,2018) and a planning horizon of 20 years (i'®., ¢ Jtis thus considered.
The years 2024 and 2043 are assumed to be the start and end years of the planning horizon
(i.,e.,0 pfor 2024 andd ¢ tfor 2043), respectively. According tihe 2022/2023
budget, theHong Konggovernment plans to allocadgotal of HK$2.2 billion asCITF

to encourag the adoption of innovative construction methods and the development of
construction manpowdlCITF, Hong Kong,2023) It is assumd that half of the CITF

can be used for subsidieehe annual subsidy budget over the planning horizon can be
thencalculated using the inflation rate in Hong Kong, i.e., 3% per an{@i@, Hong

Kong,2018)

4.6.1 Data collection

Two main data sources are collected to support the designed case study. First, official
documents related to the PC demand, potential LPFs, araf-tawn PC prices are
collectedandlisted in Table 41. Secondgextensiveliterature provides supplementary
information. The collected documents and publications complement each other and

provide rich realistic data fahe case study.
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Table 4-1: The list of all collected official documents

No. Name of the official documents Related inputs

Public Housing Production Forecast of Housing Authori

andthe Hong Kong Housing Society (HS)

2 Monthly Digest 0,V
Potential Utilization oPrefabrication Yards and 5o - "

3 Prefabricated Components in Hong Kong, Feasibilty Re " |, & , o

4 Price Information of Construction Materials in Guangzht 0,0

5 Price Information of Constructiadaterials in Foshan 0,0

6 Price Information of Construction Materials in Donggua 0,0

7 Price Information of Construction Materials in ShantoL 0,0

Notes The data sources are listed as follows.

L https://wwwhb.gov.hk/eng/publications/housing/public/phpf/index.html, accessed in Ma. 202

2 https://wwwbd.gov.hk/en/whataew/monthlydigests/index.html, accessed in Mar. 202

3 https:/iwwwcic.hk/eng/main/aboutcic/publications/report/, accessed in Ma#. 202

4 http://zfcj.gz.gov.cn/zwgk/zsdwxxgkzl/jsgczjglz/index_2.html, accessed in Mad 202

5 http://fszjfoshan.gov.cn/ywxt/jsgczjfwzx/zwzt_1110045/Ixyzzt/index.html, accessed in Mat. 202
8 http://zjj.dg.gov.cn/zjj/ztzl/zjxx/, accessed in Mar. 202

" http://www.stgczj.com/NewList_jg.aspx?sid=4&diqu=>5, accessed in Ma# 202

Data related to PC demand

The data related to parametéis0, and0  are then introducedrhis study considers

the precast composite slabs, prefabricated wall panels, precast staircases, and precast
balconiesas they are four types of PC widely used in practice, Ye.,t. According to

CIC (2018) the potential LPFs in Hong Konggpnstrainedy the site scales, can only

manufacture PCs for residential buildings that do not require large components. Therefore,
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the case study mainly focuses on the PC demand of the above four types for residential

buildings in both public housing and private housing projects.

(a) Public housing Annually, HA and HSf Hong Kongrelease information on public
housing construction programs in thext five years, including the project title, site
location, and estimated number of flats. The number of public housing projects from
2024/2025 to 2027/2028 is publicly available. For the following years (from 2028/2029
to 2043/2044), we estimate that

(i) The number of projects in each year is the average of the previous five years;

(i) The district distribution of the projects in each year is the same as that in the previous
five years; and

(i) The number of flats in each project in each year is the number of flats in a random

project in the previous five years.

Note that the values of the above three data types for 2028/2029 are the average of the
previous four years. For example, if the previous five years have 10, 14, 12, 18, and 11
projects, this year has 13 projects; if the district distribution of the pre®b projects is

20 in district A, 20 in district B, and 25 in district C, the three districts have 4, 4, and 5
projects this year. Moreover, the number of flats in each of the 13 projects is the same as
that of one project randomly selected from the Ghgets.After determining the number

of flats in each project through random sampling, the number is multiplied by a factor
that makes the average number of flats per project in this year equal to the average number
of flats per project for the previous five yea@iven the above information, we can
further estimate the annual PC demandthessemtprefabrication construction method

is adopted for all public housing units in Hong Kong and the average volume of PCs in
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public housing projects is 25.063 tons/fl@iC, Hong Kong,2018) the quantity of PCs
required by each public housing project is equal to the product of 25.063 and the number
of flats. We then assume that each project has the same demand for each type of PC. The
annual quantity of PCs of each type required by eachigoptibusing project can be

calculated using Eq4{14). Refer to Appendix A for the statistics.

h EZEAMMOAEEAOEIICEAAD
e e o (A214)
h E'®E A OE A ®OEGICEAAOD

(b) Private housing Monthly, BD of Hong Kongreleases information on approved new
buildings, including the site location, building type, number of blocks, number of stories,
and GFA. The number of private housing projects approved from January to October
2022 is publicly available. For the years from 2024/2025 to 2043/2044, similarly to the
approach applied to public housing, we estimate that:

(i) The number oprivateprojects in each month is the average number of the previous
five months;

(i) The district distribution of thprivateprojects in each month is the same as that in the
previous five months; and

(i) The GFA in eaclprivateproject in each month is the GFA in a random project in the

previous five months.

After determining the GFA in eagrivateproject through random sampling, the GFA is
multiplied by a factor that makes the average GFA per project in this year equal to the
average GFA per project for the previous five yeatso, asthe semiprefabrication

construction method is adopted for approximately 55% of private residential units in
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Hong Kong and the PC adoption rate in private housing projects (€I®Hong Kong,

2018) the demandor PCsin each private housing project can be estimated using the
conversion rate of area firto weight (ton). Specifically, the ratio of the area of housing

in square meters to the volume of PCs in cubic meters &3L3m¥, and the density of
reinforced concrete is 2.45 tons/(€IC, Hong Kong,2018) Therefore, the conversion

rate of area (13) to weight (ton) is 1 $518.085ton. It is then assumed that each project has

the same demand for each type of PC. The annual quantity of PCs of each type required
by each private housing project can be calculated usinglBd) (Refer to AppendipA2

for the statistics.

With both public and private housing project information, the annual number of projects
and the annual demand for PCs of each type over tlye&0planning horizon can be

obtained through summation.

Data related to LPFs and owbf-town PFs

We then introduce the data related to parameétetss,— ,6 ,” ,” ,® ,®, and

0 . Eight candidate sites located in Yuen Long and Tuen Mun are selected for LPFs
(CIC, Hong Kong,2018), and four PFs in Guangzhou, Foshan, Dongguan, and Shantou
within the Guangdorngdong KongMacao Greater Bay Area are selected foraittown

PFs. Thus, we have andy T.

(a) Potential LPFs There are eight candidate sites for LPFs in Yuen Long and Tuen Mun
(CIC, Hong Kong,2018) Figure 45 shows the geographic locations of these sites. CIC
(2018)also released detailed information on building height restrictions, plot ratips (

and maximum coverage areds ) (see AppendipA3) and provided an LPF economic
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feasibility analysis model, including the three types of costs paid by the manufacturers of
LPFs. Although the reported costs were based on 2018 prices, we can estimate the costs

at the planning horizon using the approach suggested I8/1@¢018)

Tuen Mun Area 16 ]

8 fm S

[Tuen Mun Areas 9 & 12] [

e ]

e

i Pl TN
.......

P S N S

[Tuen Mun Area 40 ]

“[ Wu Shan Road -

Figure 4-5: Geographic locations of the eight candidate LPFs in Hong Kong

First, the monthly land rental costs of LPFs in Tuen Mun ranged from 10 to 15 HK$/ft

in 2018, i.e., 135 HK$/fon average. According to the growth rate of land rental costs

in Hong Kong (i.e., 2% per annum), the land rental costs of LPFs will be 152 KK&/m
month (i.e., an annual rental of 1,824 HK$)im 2024. As all the candidate sites for LPFs

are in the suburbs of Hong Kong, we assume the same annual land rental cost for all sites,

which is calculated using Eq.-ib) as follows:

" pYgtp P . (4-15)
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Second, the construction costeofinit land area of tHePFs was 16,550 HK$/fin 2018.
According to the inflation rate in Hong Kong, we assume that this price will inctease
19,762 HKS/m? in 2024 The construction cost per unit land area of the LPF at location

Qin yearois calculated using Eg4{16) as follows:

PWXQE ob . (4-16)

Third, the averagproduction cost of PCs produced by LPFs was 2,000 HK$/ton
in 2018. According to the inflation rate in Hong Kong, the averagepundtuction cost
will be 2,388 4,776 HK$/tonn 2024.We assume that)(the eight LPF sitebave the
same production cost of PCs of each tygrad (i) the unitproduction costef the four
types of PC (i.e.precast composite slabs, prefabricated wall panels, precast staircases,
and precast balconies) will be 2,800, 3,000, 3,500, and 4B@®Xon, respectivelyjn
2024.The unit production cost of PCs of typenade byLPFQin yearois calculated
using Eq. 4-17) as follows:

o o p ob (4-17)
where® s the unitproduction cosbf PCs of typed produced by LPEin the year

2024. Additionally, theannual production capacity of a unit floor area is set to an

observed value for Singapore, i®., uBotonsm? (CIC, Hong Kong,2018)

(b) Outof-town PFs Here, four oubf-town PFs located in theuangdongHong Kong
Macao Greater Bay Areare considered. Figure@shows the geographic locations of
the outof-town PFs. Monthly or quarterly, the price information of construction materials
is published online by the municipal bureaus of Housing & UiRaral Construction in

the Greater Bay Area. The selling priceseaich type of PC iuangzhou, Foshan,

Dongguan, and Shantan each month of 2022 were collected and used to calculate the
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average selling price of each type of PC in these four cities in 2022. Note that the collected
data are in units of CNY/fand need to be converted to HKD/ton. Specifically, one cubic
meter of PCs is 2.4 torfku and Yuan, 2013nd the exchange rate is 1 CNY.2 HKD.

Based on the above conversion rates and the inflation rate in HongtKeisglling price

of PCs of typa® at PFQin yeard(i.e.,0 ) can be calculated. Refer to Appendi for

the statistics.

Figure 4-6. Geographic locations of the four enfttown PFs in the Greater Bay Area

Data related tdPC transportation

Here weintroduce the data related to paramefers, O ,Q , andO . According to

the central locations of the districts where the projects are located (see Appentlices A
andA2), the site locations of the eight candidate LPFs (see App&j>and the central
locations of the four cities where the @fttown PFs are located, the travel distances
between the project sites and LPFs and between the project sites and PFs are identified

using the route planning API of the online navigation ptatfdma.

2 hitps://Ibs.amap.com/api/webservice/guide/api/direction
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(a) Transportation costsTransporting one ton of PCs costs 1.07 HK$/m et al.,
2019; Yi et al., 2024). The unit transportation costassumed.2 HK$/(torlam) in 2024
and will increase annually at an inflation rate of 3% through to the planning hdidzon.

andO arecalculated by multiplying the unit transportation cost by the travel distances.

(b) Transportation emissionsTransporting one ton of PCs emits 0.129 kg/km;CO

(Zhang et al., 2023Y2 andO can be calculated by multiplying 0.129 by the travel

distances. Note th& is set to 0 in the Hong Kong case becaujsthé¢ transportation of

raw materials has an approximate 60% reduction in carbon emissions compate@ with
transportatio(Wong and Tong, 201Xong et al., 202)) and (i) eight candidate LPFs

are all located in the northern suburbs of Hong Kong (ret&ppendix A3for addresses).
These indicate that the transportation of raw materials generates trivial emissions within

the territory of Hong Kong.

4.6.2 Computational results

After parametesettingusing Hong Kong data collected from the official documents and
literature, numerical experiments were conducted on a desktop computer equipped with
2.40 GHz of Intel Core 19 CPU and 64 GB of RAM. All models #resolution method

proposed in this study were implemented in CPLEX 12.7.1 (Visual Studio 2022, C#).

Results of a nesubsidy scenario

First, we conduct the case study in asobsidy scenario. To this end, all values of
variablei  are set to zero to obtain the optimal decisions of the manufacturers and
contractors. In this case, the computational time is less than 10 sec. |rye 2@rizon

from 2024/2025 to 2043/2044, the total amount of local PCs used by the contractors is 0
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tons (the first objective of the highest level), and the total amount of carbon emissions by
transporting all PCs is 428,900,719 €§» (the second objective of the highest level).
The total profits of the local manufacturers and the total costs of the contractors are HK$0

and HK$70,163,772,985 (the objectives of the middle and lowest levels), respectively.

Figure 47 shows theamount of PCs of each type that contractors purchase froof-out
town PFs when no government subsidies are offered. Note that all distances irFigure

7 refer to the travel distances between the center of a city and the center of Hong Kong.
It is seen that:i} when the government does not offer subsidies, the manufacturers have
no incentive to build LPFs owing to high a6t costs (i.e., land rental and construction
costs); andi() as no LPFs are established, contractors can onghase offshore PCs,

leading to high transport emissions.
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Figure 4-7: The total amount of PCs of each type that contractors purchase from each

out-of-town PF in the 2§/ear horizon without government subsidies
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The obtained results confirm the current dilemma of PC supply in Hong Kong. According
to the expert interviews conducted by the C{£0179), high land cost is the greatest
deterrent to the establishment of LPFs in Hong Kong. Although 88% of the interviewed
contractors stated that they would embrace the locally produced PCs, high land rental
costs discourage the development of LPFs owingetextremely long time of investment
return. Additionally, PC manufacturers need to make considerable financiakandce
commitments, making it more difficult to find LPF invest@@®velopment Bureatjong
Kong,2015) Therefore, to support the development of a PC supply market in Hong Kong,
the government is recommended to provide sufficient subsidies to local manufacturers to

offset the land rental and operating costs of LPFs.

Results of avith-subsidy scenario

Next, we conduct the case study in which government subsidies are provided within the
annual budget. In this case, the computational time is less than 10 min. Inyhar20
horizon from 2024/2025 to 2043/2044, the total amount of local PCs used by the
contractors is 7,471,020 tons (the first objective of the highest level), and the total amount
of carbon emissions by transporting all PCs is 314,663,598 kdthe second objective

of the highest level). The total profits of local manufacturers and thlectutts of the
contractors are HK$1,337,903,335 and HK$62,351,785,754 (the objectives of the middle

and lowest levels), respectively.

Figure 48 shows the amount of PCs of each type that contractors purchase frofn out
town PFs and LPFs when governnasubsidies are offeradgithin budgets Three out
of eight candidate LPFs are constructed, but they do not occupy large areas owing to the

high land rental costs. Prefabricated wall panels and precast balconies are the two main
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types of PCs produced by the newly established LPFs. This is because the -fafur out
town PFs charge high prices for these two PC products. Therefore, LPFs should give
priority to producing prefabricated wall panels and precast balconies and sellingtthem a

competitive prices making use of the government subsidies.

; Guangzhou Dongguan
Panel: P e :| Slab: 5,994,889 tons

, NS ,

2,688,215 tons *’/ e N . N

Slab: 283,874 tons
Panel: 979,382 tons

| Slab: 98,924 tons

[ Panel: 807,930 tons | ] R S
Staircase: 98,924 tons W LAl
Balcony: 972,702 tons '

N-| Area: 5916 m*> |.

Figure 4-8: The total amount of PCs of each type that contractors purchase from each

J

Staircase: 552,756 tons

———

Balcony: 707,738 tons

out-of-town PF and each LPF in the-28ar horizon with government subsidies

The detailed results are recorded in TaBl40 4-5. It can be seen that:

(i) The average use rate of the annual government subsidy budget exceeds 80% (as shown
in Table4-2);

(i) Three candidate LPFs are established in the first year when the construction cost is
the lowest, and there is no expansion in subsequent years (as shown #3J)able

(iii) The established LPFs do not occupy large areas but the manufacturers produce PCs
at the maximum production capacity in each year (as shown in aBlasd4-4); and

(iv) For each type of PC, the sum of the average government subsidy (denéfed) by

and average selling price (denotedrily ) is close to the average production cost
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(denoted bydaf ), indicating that subsidies play an important role in helping the
manufacturers offset the high production cost and sell local PCs at competitive prices (as

shown in Tablel-5).

These observations highlight the significant effect of government subsidies on the
manufacturersdé decisions on whether to este
LPFs, and the selling prices of the produ

decisions to use local PCs.

Table 4-2: The annual budget, total amount, and use rate of subsidy i year

6 (million 6 (million VAR 6 (million 6 (million ~
HK$) HK$) HK$) HK$)

1 1,167 1,127 97% 2 1,202 1,128 94%
3 1,238 1,050 85% 4 1,275 1,086 85%
5 1,313 1,195 91% 6 1,353 1,153 85%
7 1,393 1,012 73% 8 1,435 1,245 87%
9 1,478 1,044 71% 10 1,523 1,069 70%
11 1,568 1,266 81% 12 1,615 1,067 66%
13 1,664 1,654 99% 14 1,714 1,643 96%
15 1,765 1,236 70% 16 1,818 1,172 64%
17 1,873 1,482 79% 18 1,929 1,669 87%
19 1,987 1,580 80% 20 2,046 1,536 75%
Notes(1)6¢ B B B & i .(2Y 6715.
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Table 4-3: The annual incremental land area of LP&Ss)

Q o0 © Y Q o0 © Y Q o0 ® Y

1 1 5916 211% 3 1 1052 351% 7 1 1428 0.4%

Notes (1) For anyQandonot listed in the tablg) 1 (2)Y B & 70 .

Table 4-4: The subsidy pricd (), selling pricefj ), and the total amount of PCs

produced by LPFs and used by the contractors

o Q6 B o i a o Qo6 B & i n

1 1 4 175,703 3,157 1,328 1 3 2 98,924 2,357 1,081
1 7 3 98,924 3,428 1,044 2 1 2 67,670 2,898 1,423
2 1 3 108,033 2591 1275 2 3 4 98,924 4,590 1,185
2 7 2 98,924 2,002 1,151 3 1 2 82,386 2,851 1,195
3 1 3 93317 3,206 1,100 3 3 2 16,538 2,560 1,171
3 3 4 82,386 2,155 1,257 3 7 1 93,317 2,954 1,268
3 7 3 5,607 3,584 1,270 4 1 1 175,703 2,244 1,118
4 3 4 98,924 4,176 1,298 4 7 2 98,924 2,818 1,177
5 1 4 175,703 3,689 1348 5 3 1 98,924 2,229 1,184
5 7 2 98,924 3294 1334 6 1 2 175,703 3,381 1,414
6 3 3 98,924 2,270 1,197 6 7 3 98,924 3,376 1,205
7 1 2 175,703 2645 1,488 7 3 4 98,924 2,007 1,367
7T 7 2 98,924 3,526 1435 8 1 2 175,703 3,646 1,650
8 3 2 98,924 3,580 1,512 8 7 4 98,924 2,526 1,562
9 1 3 175,703 3,334 1,314 9 3 2 98,924 2,084 1,513
9 7 1 98,924 2,544 1,400 10 1 2 175,703 2,646 1,804

10 3

1N

98,924 2,319 1,716 10 7

N

98,924 3,792 1,498
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11 1 2 175,703 4,013 1,777 11 3 4 98,924 2,897 1,583

11 7

D

98,924 2,774 1554 12 1 2 170,777 2,386 1,677
12 1 4 4,926 3,232 1,734 12 3 2 98,924 3,523 1,499

12 7

N

98,924 2,987 1676 13 1 3 175,703 4,035 1,485

13 3

D

98,924 3,868 1,699 13 7 4 98,924 5,682 1,843
14 1 4 175,703 5605 1,701 14 3 2 98,924 3,418 1,790
14 7 2 98,924 3,236 1,616 15 1 2 175,703 3,288 1,653
15 3 4 98,924 4,400 1,831 15 7 1 86,705 2,293 1,702
15 7 4 12,219 2,022 1954 16 1 2 175,703 3,514 2,037
16 3 2 98,924 3,106 1,904 16 7 1 4,928 4,004 1,737
16 7 2 93,996 2,422 1932 17 1 2 175,703 3,354 1,754
17 3 4 98,924 6,215 1916 17 7 4 98,924 2,804 1,974
18 1 4 175,703 3,432 1937 18 3 2 98,924 4,937 1,907

18 7

AN

98,924 5841 2,067 19 1 2 175,703 4,579 2,299

19 3

N

98,924 5,045 1,847 19 7 2 93,994 2,704 2,004
19 7 4 4,930 4514 2,091 20 1 2 175,703 5,142 2,389

20 3 4 98,924 2,624 2,369 20 7 2 98,924 3,766 2,080

Notes For anyo, 'Q and6 not listed in the tabld8 @ T

Table 4-5: Average subsidy, selling price, and production cost of local PCs obtype

6 if AF iC A & 6 if AC i AF  df

1 2,711 1,402 4,113 4,129 2 3,297 1,646 4,943 4,083

3 3,228 1,236 4,464 4,152 4 3,660 1,696 5,356 5,950
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4.6.3 Sensitivity analysis

The sensitivity analyses of two crucial parametérsafdw ) are performedas shown

in Figure 49.
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Figure 4-9: Sensitivity analysis of parametérsandw

(a) Sensitivity analysis oﬂ < From the perspective of the government, wal@ate the

impact of the amount of the annual subsidy budget on theofvyectives of the
governmentAs shown in Figure 49(a), as the annual subsidy budget increases, the
amount of local PCs used increases and the amount of transport emissions decreases.
Interestingly, when the subsidies offered by the government are 10%, 20%, and 30% less
than the current value, there arensidlerable margins for the optimization tbe two
objectives; however, when the subsidies offered by the government are 10%, 20%, and
30% more than the current value, both objectives tend to be sthlelérehds indicate

that: () there exists a reasonable upper bound of the subsidies offered, beyond which the

increase in the local PC use and the decrease in the transport emtiesmme sluggish;
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and (i) the upper bound of the subsidy budget obtained by our case study is consistent

with the reallife subsidies offered by thedrg Konggovernment.

(b) Sensitivity analysis of- : From the perspective of the manufacturers, vaduate the

impact of the production capacity on the total profits. Production capadatermined

by several factors, such as the proficiency of workers, adoption of double shifts, and
technological development. Amonstrated Figure 49(b), as the production capacity

i ncreases, ma n u f a do hespecifics vihenghe préductiosn capacity r e a s e .
is 5% more than the current value, the total profit grows by nearly a factor of 3. More
importantly, the improvement in production capacity also benefits the government by
effectively stabilizing the local PC marketdareducing emissionsovernments should
thusencourage local manufacturers to improve production capacity, which is conducive

to the longterm benign development of the manufacturers and a reduction in financial

assistance from the government.

4.7 SUMMARY

Government incentive policies are consider
prefabricat€drcenstyuychumerrous governments
of fer subsidies to encour ages utphpel ye snmaarbkleitssh r
thus increase the uptakKbi sfcpbaptbaboptamadtes:s
subsidy all ocatisonbyplfaul Ifyorc ogmosviedenrmemg t he

bet ween the government, Amhreivfed c puwo grsa®ma md

and a tailoredpheponsstdi tomephodti aeet he deci
Four different types of PC (i.e., precast c
staircases, and precast fyalaad o npileasn)n i amrge hiomd
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formul ate an efnmasmatfiaceangreaer omesatubsi dy pol |
The objectives atreer ni odseenpapnbdip | meah ket | ohgl oc a
PCs and to reduce the amount of <carbon emi
Through a validationumaseustudgfof HohgckKonN
and insightRsarld sprcomdsedn t hat the greatest
ofa |l ocal iPC Hmoanrdkeekoimg hi gh | and codsts. Addit
should give priority to producing PCs with
panels and precast bal coni manuhadteeecrs e o0

subsidies from the government .

Overtalhd ,desi gnedi ssxupbesciedayd optioolaigcey t he use of
constamdt mo hengvaitreonrmeant al bur den ,oft hperreefbayb r

faci htgheatsust ai nabtlhee deored torpunetnitorm fi ndustry.
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Chapter 5: Design ofStacking Plans for
Prefabricated Panelsand Slabs**

5.1 INTRODUCTION

To encouragepractitioners to embrace the innovatipeefabricationtechnique high-
quality logistics plansare to be designed to minimize the higansportatiorcosts of
various types of prefabricated produdikis chaptemainly focuses otthe vertical and
horizontal stacking problefor prefabricated panels (transportedfyrametrailers) and
slabs (transported by flied trailersResearch questia?). This chapter is outlined as
follows. Sectiorb.2 introduces the background. Sect®8 identifies the reseen gaps
and explains the potential pathways to fill the existing g8pstion5.4 presents clear
problem statement and formulates teetical and horizontal stackirgyoblensinto two
bi-objectiveprogramming modsl Sectiorb.5 developshesolution method for solving
the two proposed mathematical modefection5.6 validates the proposed maoslahd
solution methodshroughextensive numerical experimenection5.7 summarizes the

whole chaptewith conclusions

5.2 BACKGROUND

Successful i mp | e needn tcaotnisiotsr uocbtnipparne g eabtr i cpodn t
| oginsanagse memdas donip opphkesenadamspoaert sespgoddcadd
at -softekect ories and then delivered to constru

i's a significant intermediadiet ¢ | aSodmmlt y br i

3Wang, H., Yi, W., Zhen, L., Wang, H., Chan, A. P. C., 208Gtomated generation of stacking plans for prefabricated panels
transported by Arame trailers Advanced Engineering Informatiég, 102077.

4Yi, W., Wang, H.,Zhen, L., Liu, Y., 2023.Automated generation of horizontal precast slab stacking .p®GE Journal of
Construction Engineering and Managembf®(12) 04023121
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and -efofsaR € i tvrean<c@aor tf atcii ¢ n it riodgf e ntuhmee r loavse raady an
of prefabricati onbaowved-i heéo stirvaedme o hoshihrl u cstiit o
et al ., 2019;,whhadare ensatli.sf a2c0tlodr)e subgi $ i c
signicfosctandgdvbereahscienpgraagct i ti oners from wusi:t

constrlwect ieanal ., 20;2 1Yai; eltg.ealet, a20.2,3a2022b

Ty pi @alelf ya,bprri ocdautacetdsibei d e woi cabegories: (i) 2]
suclwaad panel s,aaardd (filigo s3Ws lveoddsumetsrr, i ¢ bal co

kitchens, drme katahracdmg.i stics of 2D compon:

beompreheonsbsvtddeydedsi gn tail ored transportat
of prefabr iTchaa efdo cpwrso daufc ttshi s chapter i s on
of cpawer | | panels and fl oorwisdekbysd twhpedh afr e

componeaplaisafpepnl | CTdtei -aefosdct i ve tr aDsmpodul 4 ant
wi || be present &eénientad hg , aktxtt whhapaes . of st
transportation: horizontal and) ,veirttiicsalc osmna
practice to stack and transport PCs accordi
stacking floor slabs and vertically stackin
and stresses in specifcitcurdinrge cptrioocness sd u rtihneg
stacked appropriately to ensure the stabil]

Guo, 2012).

Pr ef abrmwaddatneadwi del y nupeckf abrication constru

Figulpr &pasntl s have three di mensions, I . e.
specific construction project, there are ne
panel s, but t oewgdremnmgsihd eorfa bplayn ed esp(elnalé ngt o n
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al . ,) 20Wiltah the i mprovement of structure de

prefabricated panels increaswapgghtof{tessadtv
2016; Puri et al., 2017), less enetdgy, cons
hi gher construction efficiency (Ni et al .,

properties (Sama#+#il ogtendle. et2@15; RBROi2OHes

" panel width
panel length

panel
panel

A-frame height

—_—l

Figure 5-1: Rear and righside view of a A-frametrailer loaded wittprecaspanels

Prefabricataed® wWalldearg dslianbsvari ous constructi
floors and bridge deaskss  Havioghuednmp god ek i mht el 2 C
65% of the dead | oad of a buildingca®imes fr
floor slabs have many environment al and ecc¢
pref abfrliocoart esdl abs can decrease the environm
theratdi tiosaltucasMesa(letp@&adrt hrO@®)e he surp
materials aot oprioelssctcamnbé recycled and reus

resource wastieutlsadmbscsasamnd composite sl abs (
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Figure 5-2: Pictureof aflat-bedtrailer loadedwith precast slabs

The folclhawilmeanegde ss o b e c atrce fdud diyg rc osnasti idsefraecdt o

stacking plans for floor slabs and vertical

Fi rtshte, number of trailers used should be as
pl anteai |l er rent al i's constileegpedtbokbcsukbasgesst

prefabdi can(sieacdti omhee |l iDGR2r2ebf )a bwa pckant eel ds
anfdl sbramalegquires oversized tra(étedgs.,aamed d$mpmeci

vertical ®mhkppognghi snatddi hconpbr aredeiss t he

isitu consstriugtaowad complicated

Secotnhde, addi ti onal reshuffling of PCs shoul
stacking pl ans. Reshuffling work often occl
slabs delivered to sites are not wwotr&kc ked i r

required to unl oad apnadn etlssmpabnsdat hbhy pabhnasti d

i mmedi ately according t,202ha) gisvermvs @eawsen de
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and sl ab reshufsthengigkeatl|l gcchdeatak damag
at const rTuocot inounc hsirteesshuf fl i ng work reduces

furtmpairs the benefits of using prefabrica

I n thi g hefhtaibmalr zont alPGmnhac kiem gdiepsla #igmmse mha r e

the perspedtriames powfo $ 8adeiemgi ng addi ti.onal re.
Numer ous pr acs utchhd adeaicgiotr sand di mensi onal Cc
stability of panels and,agdeiarhisl,t amao u hley posn
anidncor por at ed mantt hoe niraldelsdcpar | onpalokiseesd gned st acki
pl amosr e comprehensi ve, pr-aotdidtad aEtxitoardss ap @ | i
numeri cal experiments are conducted to vali
and the efficiency dfvetrrad | deitmhtidesmpdcghraeplt gde i |
practitioners with an optimal stacking gene
transportat i oand dc arsiecsrhadinddl kaovgaihd of whi ch ar e

the i mplementation and devel opment of prefa

5.3 RESEARCH GAPS AND CONTRIBUTIONS

Based on theplriesematd et mweabn? ewndvreed neyf f or t s
have beetnho tHtelweo z edt al satnadc kviemrd ipcrad b IPeCm. Al t h«
of fePaCGt bBtking methods have been proposed,

fdrurther | nylesWwalgoaw.i on, as

First, many i f not aadahdekodthiehgteatkdings ph @b
prefabri aatdedsé@mdsel sagle objective optimizat

acknowledged significance of other relevant
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ofPC stacbkbhgm temdte dcheadb jpbeect i ve al gori t hms,
only investigate it as a sindloethlr] detsitv e fr
knowl edge repusiyhentf i rasttonastintgeneptst acki ng prob
prefabri aatde & s pdpecicst i ve combinat esusbahgopt il

mat hemapgtiicmilzati on

Second, the tehgepVavn@otbdelreg i o al gori t hms to
probwem$& spelcjiddtci vbeis i nstead of igrentheéec o
construction i ndulsethroyu gahr et hgeu istuep elriinoirtietdy o f
NSGAI, has been demonstrated by vaThiouus stu
study enriches the |iteratboéjegtdemonsgoali
to approximate the Paramgbabadk ipalobd elmst ii oin s
| icfoenst puotiegadth®r eby providing an appropriat
biobj ecti ve oalpgarcittihcras piropodemanangenyercraldi na

for iohjeecti ve probl ems.

To f il | tthhiess et bgpapptisehhetoe | zont al sl ab stacking
vertical panel nBlboR cisavihagglh pt wbl emt | milzeat i on ¢
for muwlnbimbdj ecti ve modelsst hgr eastolbyw ¢ anaanypdr iox etses
tohe difficulty inherent i n simultaneously
addi triesrhaulf f1 i ng work (or i mproviengpltaienswe.
whylsentertwined objectives haveThesnsswuadgi e
i nvest i goabtjeesc ttihvee bpir obl ¢ m§ edempievead iFodhemamnea

stacking haaanthtoadmsat i c & lhPeyr gtem eo @tt iema | sol ut i
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5.4 PROBLEM FORMULATION

This dhapteadeesdeehsecd i pti on of t hper ovbelretm cianl
Sect #4oln Thne IS,eckh. i29gw g bpt 0 geamod efdg a sas & d
furtheearoi znedt ihmi # eog sasld satasd ma K hsed fzaedt y P C
transpdheadesari ption of the horizontal sl a

biobj ective model are preseméepecthni BSelcy.i ons

5.4.1 Description of vertical panel stacking problem

Consider a construction s¥ptef abatcaksgqgdi pase
types. Panels of different types vary in di
ii ® .The Il ength ot patmewifnssdumedet o). bdhan i nt

wei ght of pa se ldse nft Bldg eyr ai | er $¥%tlreaeitl ecrosmp r

i ndex®d wihgiree a sufficiently | arge integer.
one trai Pamelis are placed on the trailers |
of layersOpnaaptoayl orishe width Iimit of

widths of the tralil®ra addgn pthameinse aseplhaved,
mi dd| e spifi st radiwagyrs an even number. For exam
and fmemk are 20 and 6 wunits, irses2peucntiitvsel yt,
three | ayers of panels calsekbe FiBfmoedcsSaraaac

of three | ayers on one sjske &A3d{lbfeurs | ayer s

The vertical pane.l stacking plans shoul d ba
|l eft and ridhtamei desaidfertshe ABdi ti onally, se

considered as constraints, amcdclpanalg teahdlf
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A-frame width =6 A-frame width =6
D 8 6
remaining width =1} : panel width =2 : ,—H T_H

!'I:|||§J \%II...E/ \é.,|

ng mg Ny n, ng ng i iMy M5 N3 1y Ny Ny Ng:
fe——— trailer width =20 —————}  f—————— trailer width =20 ———!
(a) Total number of layers ¢ (b) Total number of layers ¥

Figure 5-3: lllustration of the total number of layers on one trailer

Fi rntdte, vaenidg dti meapaocdintdyr agbbérne t he total weig
| oaded on one trailer cannot exceed the tre

outside of the | oRdrabdya tapkeppmdnectliheritgarn ¢ er

54i s i nfeastihbet @rofe gpdaenxedeeds t he maxi mum | oa
of the trailer.
S e c opnadn, e | st abtihnel tryatrieof eorfs tthoe overl|l apping |

panels underneath It fFort kR«iammoliadgurpean®t b o1
pl aced on thefrlaemd a@riadeverfyitdhteatAhe, afwght esp

t hef rAaimee unst abl epdrealsu ey elrahlafngafng wi t hout

underneath to support it.

Third, panel reshufflings mean that when pa
unl oading sequence is not iIinFbrnpaweth oOhet
Man@® their installation seqyencevhiis hdematad

1 pdnel s Qafe tiypet al | ed earQainedr Ot hoatnh eprawi esles.
i ssues pabeutnot(eiolr tphaynel st yoge teiree siadment i c al
have the same instal lséaindpnf wo eg@uohédnceypes al

1 p, them; ;7 ifm, it i s al sonmpopbidplae t hat
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panels of two types may have no preferable
requi néamknnhgi paidieh sFi-Gausr ean5 e x ampslheo,u lidf bpean e
installed edr )i owe heeidf pantln] Bxatdra ef fort
tempor arasiydepuunt i |l it can be installed. As
on construction progress and may even cause
it is essential for stacking planners to co

p ans t acpkli anngs .

overlapping
length of
panels S3, S,

unstable panel

stable stacking infeasible panel position

Figure 5-4: lllustration of trailer dimension, panel stability, and panel reshuffling

Fi gubgel vbens exaapt e2afparel s of 5 types stack
maxi mum | oadable | ength of the trailer is 1
on the trailer cannot exceed 14. The maxi mt
that the | ayerfriomdenxe airn cfroeaafisae; f hamm t Be Ahe

| ayers cl dgamet arehesmAll er thAnamédosénf ahi
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meanwhi | e, the | ayer index alternates from
bal ance reasonsU aWwa, dehi ob twepeetsyely con
the Il eft and right sides of the tre&iler. F

and are assutmee d$tardtenane end points of thi

of | Bgerexamplie,, dmdnel gltahcee dsleacpoenrd f r om t he
to the rear of the trailer, andé¢Pheé& panel
i i 00Q

coordinate origin N r N
n'? n5 ?13 nl nz n4 ?16 n
_— 0 --JL-- pU—— 5

—1 1 ~~""\ Front of

aaa : S7

| trailer
—1— 2 e S5 3
-1 3 % oL s1q || (- length
-4 -

. oS J
— 6 Region o
_ ; for width
T e S2 2 A-frame
+8 | B
+o ||
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111 e -
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© 2 Rear of
12 trailer
—13
114 -2

Figure 5-5: An example of 22 panels of 5 types stacked on a trailer
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Bef eleaborahenmabhemati cal formulation of th
first imérioddicees, sets, inpuuspepdr amebeng®ou

t his ,chasptleirsted bel ow.

Sets and indices

Y set of panels, indexed by
Y set of trailers, indexed hy

set of layers, indexed By, ¢ ¥ 1D ;0 0 z0 whered and() are the

0 set of layers on the lefand rightsides of trailers respectively

! set of types of prefabricated panels, indexedChbyhe type of pandl is
v denoted byQi

. dummy panelsdenoting the start and end points of the panel place

e sequences of layers
Parameters

0 the maximum number of layers on a trailer, and it is an even number
) the length of a panel of typ@(unit: cm)

&) the maximum loadable length of a trai{anit: cm)

0 the weight of a panel of typ@

0 the maximum weight capacity of a trailer

Y the panel reshuffling cutoff

binary, if panels of typ&must be installed earlier than panels of tipeit
equals 1; otherwise, it equals 0

Decision variables

| binary, if trailerois used, it equals 1; otherwiseequals 0

binary, if panei is placed on thé™ layer of trailero, it equals 1; otherwise
IR it equals O
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integer, the coordinate of the position of paneh the trailer; the loadabl
%) position closest to the front of the trailerset as the coordinate origin, a
w equals the distance between coordinate origin and the front end of

float, the distance between the cesief panel i in the direction of trailel
length

binary, if panel is placed next tpaneli on the¢™ layer of trailero and
[RRk  closer to the front of traileit equals 1; otherwisé, equals O

binary, if panels fi are placed at two adjacent layers of the trailer and ¢
i is placed on top of panel with an overlapping area, it equals 1; otherwi
it equals O

binary, if panel needed to be reshuffled in order to unload panéi equals
=h 1; otherwisejt equals 0

: binary, if panel is reshuffled, it equals 1; otherwisegquals 0

integer, weight difference between the left and right side -frfafaes on
trailero

To calcul ate the tot al number | of wthi @ihl egs al
1 if otsaused andi 8 obhéewdsee(mined). As me
are placed on the t Dias | egesd | wmyen tbhlyerd ayies . a
pl aced on its first | ayer . Thus, the total
B.]. To calculate the weight i mbalance of a
of taobay®,] ewhi ch represents the weight differ
placed ©nb drmdyersose pétdmaitcedTlhwms,| atylee swei ght
of all BtwrCai IThrreei practical factors consider
and di mensi onal capacity of t rai |lTeres, pan

cal colntatbg t hreehenrtexplsdienad |
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Firet dewinel ;at var i aflaiiss 1lpliafc epdafnoetla laay enr
and O oftgrenswitoe be determined). Then, the toc

t r adilser

B B.U0O T g, (5-1)
which cannot exceed the trmail ert@Ws Wwefpghe ¢
coordinate of thesf@iaent oerme adfetpameined) . F
val ues of prcaade 5, 9, and 0, respectTihveel vy,
coordinate of tbaennefhrerxndedftipanetail er s
I n practice, stacking planners usually set

stowage plans fori,panesl st abod ieygcmupandle a
cutoff, which is wusually 7660 feeehetpahel
an overl appi n@nar éna swit thden gh aaragdersdti nractaer a mo n g
underinedthlen, the ictaambiblei tcyal aful @dareal by

h

: (5-2)
which must be no less than 75%. Taking p&neln Figure 55 as an example, it is clear
that, panel overlaps withi , and the reaend coordinate of panel is the largest,
compared with other panels underndath We thus haved @ w ®

P oW X andw @ p TThen, the stability of panél can be calculated as:

h Y& P x v bThus, panel is stable. Additionally, the stability of

panels placed on the layers closest to tHeafe (e.g., layers and¢ in Figure 55) is

100% because they are completely leaning against-finee.
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Similar to panel stability cutoff, planners set a threshold to control the reshuffling work.
The total number of reshufflings cannot exceed the reshuffling cutoff predetermined by
stacking planners, denoted lyy . We define a new variabley , which equals 1 if
paneli needs reshuffling to unload pariel There are two scenarios in which painel
requires reshuffling. The first scenario is that paneWhich is underneath paneblnd
overlaps with pandl, is installed earlier than panebhccording to the given sequence.
Taking panels ,i ,i , andi in Figure5-5 as an examplédt is assumd that the
installation sequence of these four panel$ i i ©i © i . Paneli requires
reshuffling during the process of unloading pdneli.e.,_ ;  p. Similarly, panel
requires reshuffling during the process of unloading panele.,_  p. The second
scenario is that panel, which is underneath paniebnd overlaps with pané| requires
reshuffling during the process of unloading another panahd the installation sequence
of i is earlier than that df. Continuing with the above example, we havg p and

1 K p, soi requires reshuffling regardless of the installation sequence of
paneld andi ,i.e.._p p. Similarly, panel also requires reshuffling during the
process of unloading panel, i.e.,_  p. Note that for pandl, it is likely that there

are several paneis that satisfy_;  p, but in realworld situations, panél can only

be reshuffled once. Variable is defined which equals 1 when one of the scenarios
occurs. Thus, we have : p. Therefore, a total of three reshufflings are

required in the above example.

5.4.2 Model formulation of vertical stacking problem

After elaborating on the objectives and constraints, we formulate the vertical stacking

problem of prefabricated panels into a mathematical njodel as follows
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bov "YEN OF N Wi MY (57 )

O &) binty (5-8 )
B . "hhr B« " heR T ARV ON YEN GH N Y (59)
Bw 'l fin BT frr | bon Y (51 0)
Bvw T Rin Bwe T har P boN "YEN (5-11)
kiR B v Tk AR LON"ENDG, pANTY (512)

Obijective function (83) aims to minimize th&tal number of trailers used and the total
weight difference of all trailers. Constrain&4) guarantee that each panel is placed on
one layer of one trailer. Constraingsq)i (5-7) calculate theoordinate of the position of
paneli on the trailer, and Constraints-$) require that theoordinate of the position of

the first panel placed on each layer of trailers B@nstraints%-8) ensure that all panels
placed on the trailer cannot exceed the length of the trailer. ConstEad)jtsficate that

if paneli is placed omth layer of trailer, paneli is included in the placement sequence

of layer¢ of trailer 0. Constraints%-10) ensure that if traila¥is used, there must be one
paneli after the starting point of éhpanel placement sequence on the first layer of trailer

0. Constraints §-11) describe the placement sequence of panels on each layer of the

trailers. Constraints5(12) indicate that panels are loaded on the vehicle layer by layer.
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i 1 " -h bin vy (43)
51 R Vi A Ny (51 4)
‘O _k iR ~ Y (515)
B, 'Y . (516)

ConsthaBpié) (are used to cal ewilloatset Bpaa mels r(e
13) state tihat pwheeridwiatntelpaamn edver | apipi ng ar e
needs to be instial padedguwirdeerr ¢ hlawmfifplainred t o
ConstBa#dntguér ant eié tthhaatt -sfaotp, spifajri edespeil r e s

reshufflingitaon dunplameeeld p an@ |l be i nist phhed ear

also requires reshuffling duri@gné&thikenipmrtox e
require tihatffbt pegaelres reshuffling durin
i, pawmielll be reshuFifsi)atd eaGoindttrae ntespdt i ti ve
of panel r es h usf1f6l)i rcgosmp u@ eerss ttrhaei ntot(al numb e |
(o 0w — w — 0 — 0w —
Vi ~ Y (87)
-5 BuB Thr Tw s p Vi NTY (48)
P " ¢ Twhr Th & -& GCOP "
¢ Twr Th H bon"YEN O, ORD phH vy (809)
N i P

Fincy (20)
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Constbavhtaré usedayo wWeifchregdamdbhee betw
cemt eof ifameltshe direction of518) a%lne)r (dreengt h
used to defyindovarispkelcef 5¢48)1 vt aCendthradi rntw
overl ap only when they are placed on adjace
bet ween their panel indexes is 2 according
(519) indicatiepltahcaetd &ocoma hpdaynpesd h elc ed tmrf | ayer
tragl ef the distance of their centers in tt
t he sum olfenghtehisr, htanhefse two panels definit
Takingi panealndlepi ct ed5biams FRinguerxeampl|l e, the di
centersi ahidpandglhse direction of trailer | eng
|l engths is ondy ®B. SWemitlhaursl yhhavene di stance
i anidin the direction of trail-leendtmgtihs i 5. -

thus-hawe Cons3%20a)i netnsure that the stabilit

l ess than 75% during transportA@don to pi
W -5 0 indicates the maxi mum end position o
and overlapis. wroh examplia, Fi5GUA@anel

w -5 ¢, fori damwel & - j po. Then, t he ¢

AENT AGd & -5 RO & o0 indicates the maxi mum p

panels have an overlapping JaBleA@® For exal
N

® -5 W o X toi phRBIAGO & - 5 ho
™ po Thus, the numB2@) ore pif &S0 mdsw erralaampedsi n(
l ength with other panels wunderneath it w h
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panel Their ratio shouldibse pltatedson7bé&yewn

cl osestf rtaometi haee&dAg n, FH-Hur e

O B. B.0 Tz Bw By O T p loONTY (21)

B B.U0 T s O bon Y (22)

Constraints (81) calculate theveight difference between the left and right side of A

frames on trailed, and Constraints {32) ensure that the total weight of panels loaded

on the trailer cannot exceed the trailer s
m T ar | P boN YN O NY (R 3)
"frr b RfLp v TPRO  m boN "YEN GRA NY( R 4)

ConsthbaBpts2df) (define the domains of deci si

I n the propossdevmoae¢! honhéemne Halrdgp 0Oty s iamdCon
521) , but these pHerrteelwedorbeel onempvzed. | i
t hat it can-thehslofl vedmbegF iaifdtl, sCGdlMaursai nt s

l i nearwkhiedh contain the product ofy.tWo bina
l inearize this part, an auxiliar‘y,zdecision

EoCR - Con s%lrd4a)i nctasn (b eComeplbBd@g@e 9y as f ol | ows

- ViR A Ny (B5)

“o -k ViR A Ny (B26)
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i S I ViAo Ny (R7)

_h ] o R Vi R vy (R 8)

“ LN T ViR A vy (29)
Before | inear 220i)n, g WEo ntsrtarnasifnotrsm (t5he f or mul af
[ENTAGO & -5 o o [ETAGO o -
whod ENTA@® -5 o -5 o . As it contains tnh

two varidw@bg,esa niewve.i,nteger dec'igsiwng,vari abl

which satisfi3@€8Conatsr dioht ® w5

T I R P -5 iR ~ Y (530)
‘o o -k Vi ~ vy (53 1)
“rW iR ~ Y (532)

The numerator -80) Comsat rtehiemtsEB(A@ritten as

~

O -5 W . To linedrAigze @ hep poartonie binar
decisionf vanrd abhe integetr, arecidefoinnedrti ot

Constr-agp®s6) (&s foll ows:

Bu“: B.-5 —B,*; liny (B83)
B.": op Liny (84)
R TR @ T Vikio vy (85)
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ViR "M {.(B6)

Then, the numera20)y o&n Coba&iBr.athneyg aS5:
® - whd . Howeveemonsastatilmlt contain the pr oo
“rand;, we define an au%j!ltary dec-igsion var

that satisfB3&@§6800nsbr &hhaartds tshisded eof-f0OLConanr ai
B, .h ) B, -
be transfermed—towhich equal s—thearsdnal | er v

As— p xupP Const2r0ai nctasn (b5 repl @d0©¢dalsy f Gd h ® tw

T T Vifi vy (87)
L biA o~y (88)
S @ g Vif ~ Y (89)
. iy ub b b B.B 1gr Qv (80)

Then, ConR2slt)r aairnet sr e(pSl ac® d) b $4n2d o (@Sst rf ail A tosws :

O B. B.0 T Bu BuO T gy tonny (81)

O B. B.0O Thp Bu BuO T gp lonry (B2)

Finalmcyan be trtamstflroeg mfeal | owi ng MI P formul at
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I ]Minimgi'% (83)

s.tConst 5-Ad)LU3sHLEEL 9) , SR04 ) .

5.4.3 Description of horizontal slab stacking problem

Consider a construct ivotny pseist eo ft hparte craesqtu isrleasb
of sl ab® pBfuitdy.peThe total mumbedr. oFl ashblsa bosf i
tyfbave a diadtddh aoflenguahn@of Olshleabs are to
conf i gisrteaddikess t(o be determined), which wild
from the factory to the constQ®uwctai @snt ascikt e .

plBi s denwwi(cedsbyo be determined).

Stibilhary i nidsi cuasteodr t e q mea s a@ites tt daddl apiri eocna s t

sl abs,eqwhilsh 1 i fOmsdtable of ndtyplel ed @ear |l i er

whe®eplBhan® pMBHhQ phQ pBh Here, we <clarify the
sl ab typeudighabhids mensi on and installati on
criteria used to classify slabs. We first c
with different di mensions into different 1t
eachhtypedi fferent precedence relations. N
are |ikely to differ in t&moms eaZaOmipihded ratl il ad li
wall slabs cOuf dffolebearetalredl ,t He"%dtoloer, lath df dr
floor sl abs woul%dl dcer .n eferdeerd, flox walel 2s1 abs

the 15 fl oor slabs, and the other 10 wall s
this case, we can see that although the 20

di ffer om iseguaihicatiand are therefore cl as:
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comprising 10 wall sl abs. We thus have thre
fl oor sl abs to be installed first, t he sec:

after the first type, and theothberdnsypeél ed

the sechinglbbtsghpavis i | | ustrative stacking prot
di fferent types. A possible solution for th
that the sl abs are divided into four stacks

Problem Parameters Problem Solution

Slab information: Q=13,K=4

[ | ] dunnage
I | | | |
I N | | | |
I | | | | |
Qkf 3 Q;cf 2 Qk3: 4 Qkf 4
Q,=1.0m ax,=0.8m ap,=1.2m a,=09m
by,=27m bi,=3.1m b,=2.9m by,=32m

Three-dimentional illustration: Slab Installation sequence:

length @

Figure 5-6: An illustrativestacking problem and one of its solutions

Stack 4

The probl em eXhamitimesd tion atdhdirsess trlae stppwo tc ma
prcast: shiapls | ogi stics cost sThen df iardsdti ta jnead t

configwstagkshes to minimize the sum of the

by all of the stacks on the trailers. As th
delivered by a trailer, thus reducaitngltihe
of the slabs to a construction site. This ¢

serve as a proxy for minimizing transportat
stdarkdendotedsby

5 (B 4)

&—
=3
Q
e
A
3'<> \
Q
€
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Not e t(hBadc)aBaqot bedr d Adighd e dwabsecause the wi

of the stack is the | argest width of all sl
the | argest | ength of 5%aslhlowsl atbhse tchaaktc uckpantpirar
stack 156ans Fanguerxeampl e. The a@griea of stack 1

Overhead view of Stack 1
e b,(2m)

Area of stack 1

= max{by,, by,, b} X max{akl, Qe ah}

__________

akl _
(1.0 m) —bk4xak1

=32m?

Figure 5-7: An example ofcalculating theoccupied areaf a stack

The other objective i s tTheminmuinthiezre otfh e | raeébsst
Ms dénwamd B & (Wis to be determined). Consi
stability requiirsenaelnlto,weoda htyoe aboeb pbklbhagcberd of a
each ,wd ackhigh™d2 é&." ayers from the top to the
Fi gb8eexpl ains how to calculate the number o
56as an example. Stack 2 has four slabs, wh
to the bo®i{Q™m ndyeMsrieoveéer, 1 o

and the valuesarfeormaldthd®.otOmere t he stack arr.i
it is unloaded from the vehicQetoTda@dnonweh
24 ayemnd to this end, we @atver € dSloaeyneotvee 1 h
(one reshuffling). WeQshenede@eloay edired #the tsh ia
end, we have to r@moveedtH®msgbanbe &fe sthyudd | i

Therefore, a total of two reshufflings are
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Layer Stack 2 @l)lfetrileval °2f Number of reshufflings of stack 2 = 2
@ Reshuffling > %" ayer
of slab o ® Reshuffling of @ Retrieval of

|‘:‘ n
J \‘ layer 1 ‘ % slab on layer 3 p slab on layer 4
d _

Figure 5-8: An example ofcalculatingthe number of slab reshufflings

1

2
3
4

Additionally, S tpaocski & @ thanbmialxii tpu,m cdumrc&kger g | a
mai n ftaa@atetscoasenteik fphear i zsd mtbalve sf i r st di scu
the stathdrliizoystodlclas| ahe typed rofm ttlogp sloalbot

are®,Q, éQ (e.g., the types of56ah® Bam®ds in st
from t op) .t oT hbeont,t ofno I ! tatyde regBlhéd bp,on ttsheover | app

area with tthe'sapér ofi thde, tihkl lbderneath s

[ EBb b, and its stabiiBththy . i si @&f tnedl as

h

® @ (Lee,2G2lade ,2t02dle.e ,2t022lajhe stability
sl ab whatyre is 1. ThefM s the stability of st
ho. .
— B L i o, (85)
which must be at | east 70 %. Note that 70%
stability of precast sl|RbsI6dheaset hal cal2C2?
for the stabil i5y DHe sdtaakki I3i tiyn dfi gtuhe sl ab

to the bottom | ayers are 75%, 90. 6% and 1C(
although the overlPappdfi@yeslsalmrar ¢ deofsamee a:
on t'Yaed? ayer $l,ayerre sll satbab Ise"Aamdy ealses [2ab due

di fferenft hel alo mproaaant of (&HR) denominator ir
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Overhead view of Stack 3 Stability of stack 3

tl S'layer slab 2" layer slab 2" layer slab 3" layer slabgy  _ l(mi“{aky g, } X min{by,, by}
_____________________________________ il e 3 A, X bka
roTh |
ey i i min{ay,, @, } X min{by,, b
©9m)| i i + (s, Q) (b k4}+ 1
\l! | E (lk4 X bk4
"""""""""""""""""""" I ]
. om —— T — =075+ 0906+ 1) _ggsay

Figure 5-9: An example ofcalculating the stability of a slab stack

We then discuss the |l ocations for placing t
used in precast sl ab delivery to prevent ac
especially when a horizont alétosft asQkai@nkg | meatsh o

two pieces of dunnage sdiadutddbdbat phoatche de rbdest

slab (Precast/ Pres2b&33} edrvelemrer etoe tlhnes tsiltaubt

| ayer For each stack, the dunnage of di ffe
coordinates above and below (i.e., the dunn
same horizont al di stance from the B8hack cel
stack iIis infeasible because sl abs cannot b
warranty reasons. More specifically, the pc

feasi ble stack must overl ap veontialalsllyab Tshtee
we must calculate whether there istarkertic

we must have

—I E

| &f © -1 AD gr @ . (86)

Figur®@emhonstrates how to check for the pre
sl abs of sth&ckl i pmadtiigue,e dunnage can be p
the obtained overl apping region. I f no vert

that these sl abs cannot be stacked together
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Layer Stack4 b/,

Cel’:ltel' LR ‘ Check whether “% min,_; v bkjy > imaxy=1,....yj bkjy” is satisfied.

1 |

Py Q;;-’“" T

P —— b =5bk, = g b, = 750, = 081 m,
2 1 1 1

'—__‘l\z-__ lz—ibk“__zbk“ Zbk“—OSO m,;

i 1 I =1
= I — Lo
overlapping position to place dunnage Thus, three slabs have an overlapping dunnage position.

Figure 5-10: An example otcalculating theposition of dunnage

Finally, the maxi mum numbed® @ fratd alBse fior ea s

the formulation of t hned intaetphaer nmagtiei scearls ,moadnedl ,v

arper esbébet ew.

Sets and indices

0 set oftypes ofprecast slab, indexed
0 set of the configured stacks, indexed@gis® - D
0 set of layers, indexed by, € ¥ Tid
Parameters
@ the maximunmumber of slabs in a stack
0 the total number of slabs of all types
0 the number of slabs of tyf@
) the width of slabs of typ&
&) the length of slabs of typ@

binary, if slabsof type Omust be installed earlier thatabsof typeQ, it
equals 1; otherwise, it equals 0
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Decision variables

| binary, if stackKQs configured, it equals 1; otherwiseequals 0
OF, the number of slabs of typ@in stack’Q
@ the total number of slabs of all types in st#ek

binary, if the slab stored on layérof stack™Qs type™Q it equals 1;
otherwise, it equals 0

i} binary, if slabs stored on layérand¢ of stackCare typeQandQ,
Qik respectively, it equals 1; otherwise, it equals O

binary, for two slabs of stacRif the slab stored on layérshould be
Qi reshuffled in order to collect the slab stored on layerit equals 1;
otherwise, it equals 0

the horizontal coordinate of dunnage placed in slabs of ¥k center
n of stack’Qs set as the coordinate origin,fpoequals the distance betwe
thedunnage position artie stack center

0 the area on the trailer occupied by stizk

Y the required reshuffling work when installing slabs in sfck

5.4.4 Model formulation of horizontal slab stacking problem

We formulate thdaorizontalstacking problem of prefabricatsthbsinto a mathematical

model[! ¢] as follows

. B.©
T ]MlnlmleNeY (8Yy
s.t0 I AG O | AG @ L 0 ( & B
Bhh Bhh
Y B B Qf; ¢ INV) (5-4 9
Qar 1 v Qrarn B Qh

I'mQvoh op ¢ ¢ @ (55D
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B Qrr P I N pho p (B 1)
B Qpyp T I U N phd (5B 2)
B w; 0 L°ON O (% 3)
B B " " Qi G@p 5 P ® XTP
10 (5 4)
AR -oi E phoy 17 ORON O ( ®5)
n —o i@ﬁ&a p | E phwp 7y oy O (56)
r 7 B W Gpp | 17 e N pho p AQM O (B7)
B. app | 10 0 (5 8)
Bv o ® & eI (H9)
B  dpr O IO oy O (BY
Qrr r | Ebgphig Ly ohanQne olp & & o (B 1)
Qir g T L' o 0lp & 8 o (B 2)
Ord B | 0 (B 3)
T Gf U L7 0hOy 0 ( B4)
| Ry AQrr 5 fFQF v mip L CRAIQN ORERE N G (H5)

Objecti vé&47jaiinmes | minn i(ari zae d dheeusplisebda clkys alnl

trail er

by
49(5572.
andl ayer

t hat

and

Mor e

of

G @ ntdlasegl earb

t he

speci f55dalsltya,t eCarhsattr afionrd st wo

t d<e) s aimie

Cons#Baitaiesl n(bmb er

of

sl ab

t he

nTimkeewma@dmpisé dbbypesthadcil ¢ nigas

reshu@®flings

s |

skEabloag dl deern nstall ed

stogkhdsonot abeen

reshuffl ed
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other slab &StcreRRomp | agbab stpeedsonhol hge
reshuffledb5))onsequiai @t s h@dt raddhusflifabesd coannc eq
Constbapnitwmply that sl abs stored on the hig
to collect the sl abGonssttoFapdnnesnh(eheebhotwes!| heE
assigned to oné55%8tgquédradcbesttrhantsheé¢é stabil
be no | ess thant hdwn n alchee Qddo cesqiteiadkt i efd by Co
(55%an@B5H, which require that t Ip®idiusnaangde mu
w5 at bot hsleahs of thies55FG6&K. | Cokhsthai nnhsg
variables with the correspormb®ig(b® pbbidedi nevar

the domains of al | deci sion variabl es.

Considetiheg comatraints related to calcul at
Constrsdai@(bsd, ( may be diffaoulitl| e nmpddevestar
preséent EflglurTehere are Nieachl @abs ai distfaclknt
the calculation for slab reshuffling proce:ct
determine whet her°®ltahyee rs I naebe dsst otroe do eo nr etshheu f1f |
install ation seqgbkhcteh @ epli &R ASairot! dady garnset h e
need to be installed B2PoredecitsQFmequat isable
1, yimpdatsSitehyeerl sl ab needs to "eayershaulfdb.e
Therefore, when coll eGttif:agethewsl|l abostdrado
the reshuf¥llaygr odl atbhemull t i pCoen sttibmdsn.t Alcco
B Qrn P Cn@ Qpp m Then, we can similarly ca
ot he sl abs "§t@mdd dayrertshe F2 nasl médshhief niumyp eo

st dc&al culQotnesdt 5dai ,ntY .(B. , B Qy; T.
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Layer

Stack j

1
N
2
N
3 :
N
4
5
Installation Sequence & Kjpkjy =
6kj3-kj1 =1 5kj3»kj2 =1 5kj5fkj1 -
6kj5-ka =1 6kj5.kj3 =1 6";’5:";’4 =1
n n dyy; Explanation
1 2 1 Subject to Constraint (5-50), we have d 5 ; = 1;
1 3 Asdy;j =1, the part ):,’::;12 dy r j in Constraint (5-50) =1, i.e., d; 3 ; = 0;
Subject to Constraint (5-51), we have dy 5 ; + dy 5 + Z;r;r:4 dipj<lie, dizj=0;
1 5 0 Similar as the explanation for d 3 ;
2 3 | Subject to Constraint (5-50), we have dy 3 ; = 1;
205 0 Similar as the explanation for dy 3 ;
3 5 1 Subject to Constraint (5-50), we have d3_5_j = 1
4 5 1 Similar as the explanation for d 3 ;

Figure 5-11: lllustration of the calculation of slaleshuffling using constraints

5.5 ALGORITHM DESIGN

Asbot he

be

stacking

p rmoopdogsl gdd

simultaneous!| ypampdli mstzeadki ndeprwveblte madnd

alngghee wo

objective

functi on

probl emha@mavbeisl ji gattiede | mo mhiisat or i a

prolbgmnatur e.

One -cshjre cktiinge fperad bulreemso fi sbit h

objectives, i .e., neither objective is mor e
find the solutions that contain abll ea@ation
Pareto opt iSmalo |sualiwtnisomcsa.nnot domi nate each
opti mal set and Pareto ogptdairhtdelf i hi dmtoncEsed¢ (
opti mal solutions, Pareto dominancdp Paret
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better understanobifbet icoenpp 4 Bitlegl nussft r Rit gewsr et
traeodd between the two objective(si.od. ,t hneo derl
[' p)) wher e ienachi-Igitceiprtésent s the two objectiwv
The solution corresponding to point A yiel:¢
has a severe imbalance problem, while the s
the weight 1| mbmadrmaea cter diultcearne.guudbtuesds s@impt i ¢ e

the Pareto front of the proposed probl em,

domi nated by at | east one solution on the f
4 f2(Xeer D)
A A
f2

¢

<>“/Dominattﬁ-d solutions

'

o ¢ °
O

Pareto front

> f1(Zter ar)

i fEUE)

Figure 5-12: lllustration ofthe tradeoff between twaptimizationobjectives

Typically, largescale biobjective programming models derived from #if& problems
are challenging to solvApproaclesto address thissueare(i) to analyze th@roperties
of the formulated mathematicahodel and furtherdevelopappropriateexactsolution

methods, or alternativelyii) to efficiently find the approximate Pareto optimal solutions
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to themathematicainodel using variouBeuristic algorithmg¢Ghezavati and Hosseinifar,
2018; Zhang et al., 202l Section5.5.1 provides a detailed description of the algorithm
design of NSGAll being applied to the verticpbnelstacking problemandSection5.5.2
analyzeghe properties of the formulated model and presents the tailored exact solution

method used to calculate the horizontal slab stacking problem.

5.5.1 Algorithm for vertical panelstacking problem

To solve the vertical panel stacking probjehe NSGAII proposed by Deb et al. (2002)
is adoptedwhich hasnumerousadvantaggeover other evolutionary algorithms in terms
of solution diversity and convergence speed (Shieh et al., 288)ugh NSGAIl was
further extended to NSGAI to better adapt to mukbbjective problems, especially those
with three objectives (Deb and Jain, 2014), NSIBAas been shown more suitable for
solving problems with two objectives (Liu et al., 2022nh overview ofthe NSGA-II

applied to the vertical stacking problem of precast panels is provided in BidGre

First, the initial chromosome population is generated. Second, all chromosomes in the
population undergafast nondominated sorting. Their crowding distances are calculated,
based on which we decide to select or reject the chromosomes of the current population.
Third, the selected chromosomes, called parent chromosomes, are used to generate more
offspring chhomosomes through two genetic operators (i.e., crossover and mutation).
Fourth, the parent chromosomes and their generated offspring chromosomestanst

new population. These three steps are repeated until the termination condition of the
designed algorithm is satisfied; that is, the total number of iterations exceeds 50 or the
obtained Pareto solutions remain the same for three consecutive nier&wone crucial

steps of the algorithmic framework are then explained in detail.
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+.. ....? ....... { Steps
: : ?

joiutpivtvintniniels ¥ | crowding distance [T + Step 2
| Operator 2: mutation  p--8--nion e D 77T

""""" 2 | Selection & !

i i i S

[ Generate new population l Rejection ] + Step 4
N Y

< Terminate? > End

Figure 5-13: Overview of the proposed NSGIA

Step 1: Population initialization

First, we initialize thklchTloemoswmeepopful ah
in a population is the¢. p&pochatchom meispee( de
one feasible solution, is composed of mul ti
about a solution. The relationships among p
are showrmlédn Figure

encoding

___________________

3

decoding

[

Population of chromosomes

/ encoding t
L v

ﬁ gelne

decoding

encoding\

___________________

]

decoding

Cussssssfesslcsnssssalassllcsassasaase

Figure 5-14: Relationship of population, chromosomes, solutions, and genes
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Popul ation initialiigagenaranchgdewothnetei al
and encoding themtiakkt mgcbboambeedeshr ¢ mos ome
generate new c¢hwvamogeeonseetsi ct horpdeyrdabttoerrsmi na ma

whet hseerl etcot or reject chromosomes.

(i) Generation and encoding of initial feasible solutiofi$te vertical panel stacking
problem has two optimization objectivesd we generate two initial feasible solutions,

one to reduce the number of trailers used and the other to balance the weight of trailers
(seeAppendixB1 for more details). We then conduct the genetic encoding qiahel
stackingplans (i.e., solutions) into chromosomes using the example depicted inigure

15, wheres p ¢S @ andss o. In Figure5-15, only two trailers are used to
transport all othe panels. Genes for each trailer are encoded layer by layer according to
the stowage plan of prefabricated panels, the values for which rangpHBome ™ gs"¢

ptosSY¥ ¢. More specifically, the value fromto S¢represent the indexes of the panels
stored on different layers. Genes with the valug¥ef p are used to separate different
layers of one trailer and those with the value8f ¢ are used to separate different
trailers. We name t-GEANEERO tawBGENER D dsr espgenkese
In Figure5-15, the values for & ENE1 and SGENE2 are 13 and 14, respectively.

After determining the genes for each trailer, we combine these genes sequentially so that
a chromosome is derived. Note that although no panel is placed on the fifth and sixth
layers of tailerso ando , no layer of traileo , SGENE1, and SGENE-2 cannot be
omitted because they are essential parts of a complete chromosome. The total number of
genes in a complete chromosom&¥ $¥% Ls $Y% indicating thatthere ares™s

panel geness Lsgene s-GENEL1 fi & $¥nealn e s-GENE2 & S
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 Genes for trailer t:

IWEBOEBOER 2J13[7 1313

ny ng N3 Ny

ng ng ny n, My Mg

Genes for trailer t:

IIIEIIIEIIII
.—S—GEI\'E—I .—S GENE-2

W

Figure 5-15: lllustration of genetic encoding of a solution

(i) Application of genetic operatorwo genetic operatodscrossover and mutatién

are used to generate more chromosomes. For the detailed frameworks of these two
operators, please refer to Step 2. After obtaining one chromosome through either of these
two operators, we check the feasibilitiyits corresponding solution. If the solution is
infeasible thendelete it; otherwise, it is considered a candidate chromosome and put into

the initial population

(iii) Selection and rejection of chromosom@ase population size ofhe developed
NSGA-1l is not fixed asthe total number of candidate solutions obtained by crossover
and mutation is dependent on the problem scales. If wie et fixed value, e.gQ

L Trthe total number of candidate solutions is likely to be less than 50, especially when
the problem scale is very small. We let the size of the initial populatiake the smaller
value of the number of all candidate solutions (denoted bwnd a predetermined
threshold (which equals 20 in thsgudy), so we havéd | E Bhg 1t During iterations,

0 ¥¢ parents are used to generaid¢ offspring and these chromosomes will be

nondominated sorted, half of which with high quality will be selected and passed to the
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next iteration as parent chromosomes. The fastdooninated sorting rank and crowding
distance are considered two core metrics to select or reject chromosomespS&afd

4 for more details.

Step 2:Design of genetic operators

Crossover and mut adiopn eadr eude siggmecramndons.
example depi-th ewWleime ¥t gumrevisS5de a detailed e

of stethaeo operator s.

To cogmeame obssover, tawoe ogk ifeonutra dgpeanreesnt chr om
t wgenes are sel eated,s winp ptiehde porsiigiimalls chr o
exampl e, 51/ tFhegugeneasnidodr @pasell sct ed, and th
in the chromosome are swapped to generate &
are selected, a float valwue rangi flpegse om O
valarese then destedding order, based on whic
after crossover can be d=ltee rtnhien egle nieFso ro fe xpa
i ,i , analre selected, corresponding to rando
respectively. As O0.86 > wi.l5i2n b>e r0t. 8d7 b>a Ok 1i9n

chromosome iin,itthe &@aeduence

According to the crossover mechanisttan besea that thecrossover operator mainly
aims to optimize the second objective, i.e., minimizing the total weight imbalance of
trailers. Thus, to improve the first objective, i.e., reducing the number of trailers used, a
mutation operator is further designed. First, determine the trailer that is used (i.e.,

empty trailers are not considered) and carries the least number of panels in the current
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solution. Then, we transfer the panels stored on this trailer to other used trailers by
mutation. Note that if all used trailers have insufficient empty layers to store these panels,
the mutation is infeasible. For example, tradem Figure5-15 carries five panels of
three layers, but there are only two empty layers on trilémplying that the number

of trailers used cannot be reduced furtherilllistrategenemutaion, we design another
example in Figur&-16, wherehree panels of two layers are stored on trailend there

are two empty layers on trailér. Then, thepositions of the genes corresponding to these

three panelare mutatedrom 0 to 0, to generateno offspring chromosomes.

[ Genetic Operator I: crossover ]

(1) Crossover of two panels

The chromosome before crossover:

IrzanEEREAtuE R T NDERENEMEETEEEEETCE

b Crossover d

The chromosome after crossover:

DEEEDEREEDEEEEEER

(2) Crossover of four panels

The chromosome before crossover:

10

MG E P EREMEER EEEERE
11

0
Crossover -

_. 0.86J0.52J0.37]0.19)
random values descending order
The chromosome after crossover:

e

The chromosome before mutation:

HAENRNEE

Figure 5-16: Framework of two generator operators: crossover and mutation
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Step 3:Fast nondominated sorting anarowding distance calculating

This study wudsoensi ntahtee df assotr tnnonng approach prop

which can be briefly descri Ked waes cfadlclud vad .e

number of other solutions i n tehha paorpdiltabhe ot
number of other solutions i n tthhd .poSeudoand,on
for eacWwhoosl@at monwe put it into Bomhhafledfor

by soQuweoneédabcye adntes.hatf f e a N as odsdiid iers n

we put it into Front 2. These two steps ar e
their fronts. Finally, fodomeéeaah e®olr afhckomas w
solutions in Fdomitndéadted hreankasdquf@lnsorl and

solutions in the | ast front is the | argest.

We refer to Deb et al. (2002) for the calculation of crowding distance. Note that each
objective function must be normalized before the calculation begins. For each objective
function, we find the two solutions that respectively have the smallest andrgjestl
objective values and set their crowding distances to infinite. Then, the crowding distances
of other solutions can be calculated as the absolute difference in the objective values of
its two adjacent solutions. After calculating the crowding digtamd solutioriClor both
objective functions, we add the two obtained distances together and the sum is the

crowding distance of solutiodenoted byQ.

Step 4: Chromosome selection and rejection

The -choomi nated Qoandngr owad Kag editsmMoamoee ri ¢cs L
decide whether to select or reject the <chr

compare -ddmimatneodh sorting r a@n®D., QFofr t wo ¢
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Q , we give pri dri thyort o woh rcohnmoosnoonseo me s wi

domi nated sorting ranks, we further compare
™Tn®, Qi fQ an® Q , we give prioQ.i tVyhitso icsh
because the chromosomes with a | arger crow
small er crowding distance in termf of sol ut

out weighs thé&) sesondemeornot (need to cal cul
al | chr omos-7ge sv.e skFiagwu reex asmpl e of chr omos ome

where the ploipsulsaitxi.on si ze

Non-deminated sorting Calculating crowding distance Chromosome selection

Chromosome 1 . One chromosoiie ]
Front 1 in Front 2 is required 5
Chromosome : 2 i /i 2 = L) > Selected
P NS N s, S
Chromosome 3 4 » o4 i)
Chromosome | 4 : 1
Chromosome | 3 w 5 | Rejected
Calculate their i i
Chl'OIIlOSOHlE 3 6 crowding distance.

Figure 5-17: lllustration of chromosome selection and rejection

We assume that the six chromosomes have been divided into three fronts (chromosomes

‘QandQare in Front 1 and thu® Q p; chromosome¥2andQare in
Front 2 and thu$d Q ¢; chromosomeflandQare in Front 3 and thus
Q Q o). As mentioned above, only half of the chromosomes in the

population are selected as parent chromosomes, so three chromosomes need to be selected.
In Figure 517, the two chromosomes with the smallest sorting rafaid Q) are

selected first. There are two chromosom&sa(d™Q) in Front 2, and their crowding
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distances need to be further compared. We assumé&that’Q , so chromosom&
outperformsQ Finally, chromosome®), 'Q and'Qare selected and chromosonfgsQ,

andQare rejected.

In addition to the NSGAI, aheuristic method is also developed to solve the mEeel
Appendix B2 fordetails) the core idea of which can be briefly described as follows. First,

a preliminary assignment of panels to trailsrsradeaccording to the type of pandlis

required that all layers on the left or right side of one trailer can only accommodate panels
of the same type so that the reshuffling work is minimal and all panels are stable (number
of panel reshufflings: 0; stability of panels: 100%). Howeiresuch a casehe number

of trailers used may be much larger ttiaatis really required. Moreovethe weight
imbalance of trailers is another drawback of the assignment mechanism mentioned above
due to the weight difference of panels of different typée. preliminary assignment plan

is then improvedi.e., decreasg the number of trailers used and total weight imbalance,
through the following two steps. We determine the trailer with the fewest layers used and
whether panels placed on the trailer can be transferred to other trailers. Note that panels
can be transferred to other trailers only whes thill not bring additional reshuffling

work and the stability of the panel is at least 75%. The number of trailers used can thus
be reduced without increasing the number of panel reshufflings. Third, we balance the
trailers and prevent overweight. Finalthe two objectives of modgl p], i.e., the total

number of trailers used and the total weight imbalance of all trailers, can be calculated.

5.5.2 Algorithm for horizontal slab stacking problem

The formulation of the proposdtbrizontal slab stackingroblemalsoincludes many

nonlinear parts that greatly complicate the probsaiving process, but this problem has
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two appealing properties. First, both objectives are additive over the stacks. Second, the
optimal pattern for given stack is determined. Here tbencepts ofstack, stacking
pattern and the optimal pattern of the staaieclarified. The types and total number of
slabs are two parameters used to define a stack. The different sequences in which slabs
can be placed from top to bottom comprise the multiple stacking patterns of a specific
stack. For example, stack&nd Qareconfigured by one slab of typ@and two slabs of
type'Q versuswo slabs of typéQand three slabs of typ@. Thus stacksand Qare two
different stacks. For stacR slabs of typéQand™Q can be placedn three different
sequences from the top to the bottom layers (i.e., one slab ofdyp¢he 2 layer and

two slabs of typéQ on the 29and 39 layers; two slabs of typ® on the #and 29layers

and one slab of typ@on the & layer; or one slab of typ@on the 29 layer and two slabs

of type™Q on the #and 3 layers).Thus, stack(has three stacking patterns in total. The
area occupied by stad®s consistent regardless of which stacking pattern is chasdn,
thereforethe one with the least number of reshufflings is the optimal pattern for'&ack
According to thee two properties, thesolutionsto this btobjective problem can be
derived by the following two steps) @enerating all feasible stacks and calculating the
optimal stacking pattern of each stack aimjl golving the Paret optimal solution by

calculating the number of times each optimal stacking pattern is used.

Step 1: Generation of stacks and stacking pattern

All feasible stacks and their optimal st ack
51.Specalfliyst acks can be generated by enumer a
sl abzxomha@ay n. Some generated stack patterns
Const B-abamnilsh H(, tahnedr ed ®d et o be dal etuketa®&iWeat hce

occupied by the stack, and further enumer at
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types of slabs from the

each stacking pattern, we

555 . The one with the mi

stack. Thus, the opti mal

t

op

ni mal

t

c al

o the bottom |
cul ate the nu
number of re
of all st

patterns

Algorithm 5-1: An algorithm for determining the optimal stacking patterns

Step 1.Generate all possible stacking patterns by enumerating the values fc

denoted by). For patterm, delete it if Constraintss(55) and 6-56) are notsatisfied.

Step 2.For each remaining patterp) the occupied area is calculated and denote

0 . Enumerate all possible groups of valuesifgg, . For each group of valuedelete

it if Constraints $-54) are notsatisfied.

Step 3.For each patterr), calculate the number of reshufflings when different grc

of values are given t@ j . The minimal number of reshufflings is recordedds and

the groupof values fora ; that yieldsY represents the optimal pattern for the ste

Step 2: Development o0& method for Pareto optimal solutions

With all optimal patterns obtained for
mod el i s froordreuld],a tvehdi cahs ai ms t o deciadfe t
t hoepti mabnegeadd etron be used. Al newly defi
are | isted as foll ows.

Sets and indices

0 set of the optimal patterns, indexedrpy
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Parameters

0 the area on the trailer occupiedthg stack of patterm)
Y the required reshuffling work when installing slabshastack of patterm
0 the number of slabs of typ@in pattern)

Decision variables

. the number of times pattermis used

Mathematical model

S BB .
[ IMinimZe,, (55
s.tB.Oge O Qv 0 (B Y

Cooh G i o, (B8)

Objectivéeo66punotienspdénds tB4Obogdectwihvehf amaomsi
t o mi niamieZae ctomd | anrde d het aaaknd er @of n sstl raabi mrtess |
G56yYcorrespomnst 5-&8Bnooé¢, (whi ch gudselaambh®eoft hadcl
type belong to one used op&B maef isnactkhe gdpma

deci siom.variabl e

Thieor i sdmatbalst acking probademgekxamsnéetdei nonbi

of two objectives, namely the minimum occu
reshuffling work. The problem can also be r
I ETQ0RQ o (B 9)

whebreepresents a feasible solution and all

mThe sol uti ombjteoc tsiwceh cao mbii nat or i al opti mi :
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opti mal set composed of sol ut,20MW wet halPar

201A81)I. Pareto efficient sol &L ons can be so

Algorithm 5-2: An algorithm for searching all Pareto efficient solutions

Step 1.Define _fp astheweight vector for two objectives. Define 101 uniforn

distribue d v al ues, . e. (0. 00, 1.00), (
Step 2.For eachvalue,ie.fp _ (0. 00, 1.00), ( 0. pahd
(1.00, 0.00), solve the singtbjective problem which aims to minimize the sum
Qo and p _ Q. Optimal solutions corresponding to 101 values fép

are denoted blg , 5 ,é ,B

Step 3.For each otsined solutions B M3 B M3, check whetheg is a non
redundant Pareto efficient solution.dfis not Pareto efficient dg is a redundan

solution, then delete it. // Take H3 as an example. fQR QR and

Ok QB ,deletes .

First, the weights of the two objectives a
vectlpr_)( whenpe Tthea aoccupied by thendtacks
the number of respmufflThegfol soweinghtd bwnif
values are predefi §0€d0Dor 1tB6) we( holyvebto
and (1.00, 0.00). Second, 10 10 bsjod cuttiivoen sp raorbel
with given values for the wairghtc hwedtedr .t oT h
t hseol uti ons that are not Pareto efficient.

any previous solution, we idenbrfgxbamphs, a

Il assdimemtanikgl are the opti mal sol ut_tpon)s when
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equals (0.00, 1.00) an@ik (0QRl1an@®k 99) , res
QB , we Bdbkebease it Piaseeciotldf icoentd sol uti
solution. I t ,Bsi sworrath mBoet e ensga rtehfajti ai ent s ol
anot her B sscalylitsifgo @z h a tQ HQR QB an@Rk

QB QB "MB cannot Wheerdouhd wefpght eweucatl csr (

ot her predefined values. Al | obtained Par e
deci sion makers and they will then choose t
on overall Momesispeaitfiioansl | vy, practitioner s

solution by calculating the weighted averag

two Pareto efficient solutions: the first s
aread baindl 20 reshuffl i nagm,cooarnrde stphoen dsse cton da ss
with a totdandret@ oésROf fm i ngs. I f the dec
vector of (0.8, 0.2) to the two objectives,
12 (0i..880 0. 20) and 018&0(0i..2260),, and tlhterefor e
solution should be selected. I f the deci si

the weighted averages of the twB%SeblLutbons
should be selected. | f the decision maker
i mportant and assigns a weight vector of (

solutions are 15, and therefore either of t

In addition to the tailored exact method presented above, a heuristic method is developed
to solve mode]! ¢] (seeAppendix B3 for details), the core idea of which can be briefly
described as follows:irst, slabs are divided into multiple stacks according to their types,
with a maximum of four slabs in each stack. For each type, the remaining slabs form a

stack. Second, we determine whether two stacks can be merged to form a new stack,
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according to Constraint®£5), (5-56), and 6-59). If theseconstraints are satisfied, the
stability of the newly configured stack is evaluated by Constratr®gl); The heuristic
algorithm terminates when stacks can no longer be merged with each other, at which point

we calculate the objectives and output the solution.

5.6 EXPERIMENTAL VALIDATION

To validate the effectiveness of the vertical panel stacking nifode] and the horizontal

slab stacking model [¢] and to test thefficiency of theproposed solution methods
extensive numerical experiments were designed and conducted on a laptop computer
equipped with 1.60 GHz of Intel Core i5 CPU and 8 GB of RAM.tAd models and
solution methods proposed in tlukapterwere implemented in CPLEX 12.6.1 (Visual
Studio 2019, C#)Sectiors5.6.1and 5.6.2eport the parameter setting and computational
results of the vertical panel stacking problem, respectively, and Sections 5.6.3 and 5.6.4
present the parameter setting and computational results of the horizontal slab stacking

problem, respectively.

5.6.1 Experimental designfor vertical panel stacking problem

To conductthe numerical experiment®or the vertical panel stacking problennailer
information and panel information are the two main inputs required. The trailers with an
A-frame are typically 183 cm wide with a maximum loadable length of 427 cm, and the
A-frame is 30 cm in width and 297 cm in height (Lee et al., 2021a).nattenal
standardized trailers have a maximum weight capacity of 25 tons (Jang et al., 2022).
Moreover, according to Lee et al. (2021aall panelsstackedvertically vary in lenth

from 800 to 4400 cm, while their widths and heights are constant at 16 cm and 300 cm,
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respectively. The maximum number of layers on one trailer can thus be calculated as
follows: (i) the loadable width on each side of the trailepisp o o T x @ A I; (ii)

the number of layers on each side of the trailéx i@7p @ T1;and(iii) the total number

of layers on the trailer,i.e), 1t ¢ . Although their study did not report the weight

of panels of each type, we can calculate it by measuring the volume and the weight density
of panels. According to Lee and Pesg&06 andMugahed Amran et a(2016), the

weight density of prefabricated panels is betwedfd and 200 kg/n¥, depending on

the panel design and materials used in production. Thus, for a given weight density of
panels of each type, the weight of one panel equals the product of the weight density and
panel volume. For examplethe weight of a panelwith the dimensions of

cuAl p @Il omnAkiranges from B20 to 2880 kg/nA.

To show the general applicability of model p] and the proposed NSGW we also
consider some randomness in the design of computational experiments. More specifically,
we generate the type of panfls.,"Qi ] and the installation sequence of different types

of panels (i.e], ;; ) randomly. As these two parameters can vary considerably from one
construction project to another, random generation, which considers more possibilities
for panel installation sequencing, is reasonable and appliédbte panel dimension and
weight density (i.e., parametais and0 ) are randomly generatedthin thereasonable

ranges mentioned above.

We assume that all panels are used to build the ground floor of a building. Two scenarios
of different problem scales are designed, in which a total number of 20 and 40 panels of
five different types are required, respectively. Additionally, the reshgfftintoff is

determined according to the-gite space. However, most construction sites have limited
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spaceused totemporarily parkthe earlyarrivedtrailersor store thepanels that require
additional reshuffling (Yi et al., 2018; Ahn et al., 2022). Jang et al. (2022) designed two
groups of experiments, in which the number of reshufflings cannot exceed 3 and 6,
respectively, when delivering 63 precast components. For satario in thistudy,
reshuffling cutoffs are set as 5% and 10%, in two test groups. In one test group of each
scenario, three instances are designed by adjusting the valges; foto , and0
yielding 12 (i.,e.¢ ¢ o) problems in total. The values for all parameters in the 12

randomly generated cases are reported in Tablés-4.

Table 5-1: Parameter settings f@hs 0, @ ®,0 ,1 { ,andw

Parameters Value
Number of types of prefabricated pan&lss 5
Maximum number of layers on one trailér, 8
Weight capacity of one trailey (ton) 25
Maximum loadable length of one trail@s(cm) 427
Length of panels of typ& & (cm) Random value from [80, 420]

Weight density of panels of tyg@kg/n®)  Random value from [100, 2400]

Installation sequence of panélsy, Random value; if Pl { T

Tab32Par ameter Yseangngs for

Scenario A Scenario B
Parameters
Groupl Group?2 Groupl Group?2
Reshuffling cutoff,Y 5% 10% 5% 10%
Number of prefabricated panetss 20 40
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Tab33Randomly

generated pvalanas f

or par ameters

ID - (cm) o g (kg)

0 1 2 3 4 5 1 2 3 4 5

Al | 388 136 202 170 358 | 34305 11542 1672.6  1925.8  2469.3 @ @ @
A2 | 419 195 133 120 292 | 2445.6 14134 11063  998.2  2841.0 M @ @
A3 | 241 95 235 388 138 | 15883 10010 2653.1  2940.7  1039.3 @ @
B-1 | 327 358 341 270 150 | 2008.4 39248 27957 3075.4  1079.3
B-2 | 404 336 338 316 325 | 20650 26434 2805.1 2163.0  3669.1 m @ @
B-3 | 333 272 368 239 281 | 3160.0 1856.6 4198.7 2502.0 2827.1 alll ;o

Note Cases ID Al, A-2, and A3 refer to three different instances of scenario A (20 prefabricated panels), and CasksBR2,Bind B3 refer to three different

instances of scenario B (40 prefabricated panels).
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Tab34eRandomly generate®@i values for parameter

ID
( F R R (i fi R .
A-1 i HH h | iﬁ,ﬁ, iﬁﬁ, i H H
A-2 i i thnh i i (F R (RO R
i h h
A-3 (i bR h (R OfR (R Ofi A i i f R
i H H
- i(F R OR (R OR K (R RR (FF R OR R (R AR R
i A i fR (f R ( fOR KA ( F R
- FE RN (AR AR (F R R R (R AR (R OR
CHORF i h h i h h h i h h i h h
as | tEHAH (A F AR (R F R (R F R ( Fi f R R R
R OR O i h hn i h i h h i h hH H

Note The figures listed in the table represent the indexes of panels. Taking CaskdB @n example, there are 7 panels of §p& panels of typ&, 8 panels of

type™Q, 10 panels of typ®, and 8 panels of typ®.
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5.6.2 Computational results of vertical panel stacking problem

Table 55 reports the solutions obtained by the two methods (i.e., the N5@éposed

in Section %.1 and the heuristic meth@daboratedn Appendix BJ. When solving the

12 problems, we observed that NS@Aielded solutions in which the number of panel
reshufflings was mostly 0 so that the solutions for two test groups (reshuffling cutoff
Y 5% and 10%) of the same scenario were identical and thus not repeatedly recorded
in Table 55. As both methods found a solution within seconds, the computational time
is not listed. Instead, the two objectives of the problem, i.e., the total numbailettr

used and the total weight imbalance of trajlare compared-or the sake of simplicity,

the two objectivesre denoteds a vectoé @ QB 5By ~Op .

Tab35Perfor mance

c o Ahpl a rainsdo nt hoef

hNeSUGA st i

¢ B,.| B. O

Case ID - - ('O MO 1)
20 20

A-1 (2, 228) (3, 20,401) (50 %, 8,847 %)
A-2 (2, 156) (3, 6,856) (50 %, 4,294 %)
A-3 (2, 270), (3, 0) (2, 3,980) N/A

B-1 (5, 123) (5, 9,598) (0 %, 7,703 %)
B-2 (5, 157) (5, 6,701) (0 %, 4,168 %)
B-3 (5, 1,727), (6,68) (6, 15,887) N/A
Average (25 %, 6,328 %)

Notes (1) ¢ &

objectives solved by the heuristic method. (2) The optimality gaps between the two objectives obtained

refers to the objectives solved by the NSGAwhereast &

refers to the

by the two methods are calculated and denoteé®tiyjand O 1) for example; O nof Case ID A

lequalso ¢ 1g

vV mMRndOmnof Case IDAlequalsg mTT MQCdlc cYYyYtT x b
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According to the computational results listed in Tabte i can be seethat thedesigned
NSGA-1I outperforms the heuristic method in two aspects. First, the proposed NSGA
gives multiple solutions on the obtained Pareto front. Taking Case3@g\an example,

two solutions are provided for stacking planneisuging two trailers that hay®27 ton

of weight imbalanceand (ii) using three trailers with no weight imbalance. Stacking
planners can make decisions based on their predetermined criteria or preferences for the
two objectives. Second, the solutions obtained by N$Gminate those obtained by

the heuristic method in both objectives. For problems that yield only one approximate
Pareto optimal solution by NSGK (Case IDA-1, A-2, B-1, and B2), the optimality

gaps between the two objectives obtained by two methods are calculated. The average

optimality gaps are 25% and 6328% respectively.

We use one instance (Case IBELBas an example to compare the solutions obtained by
these two methods. In Figuels8, Aplan 10 refers to the
prefabricated panels obtained by NS@Aroposed in Sectio®.5.1, whilefipl an 20
refers to that obtained by the heuristic methtzdboratedn Appendix B2 It can be seen

that bothof the derivedplans require five trailers in total and neither plan requires
additional panel reshufflings. In terms of panel stability, the average stability of all panels

in plan 1 is 98.4%, with the smallest value of the stability for a single panel being no less
than 80%. Although the average panel stability of plan 2 (i.€%)0s slightly higher

than that of plan 1 (98.4%), the weight imbalance of all trailers in plan 2 is 78 times larger
than that of plan 1. Therefore, the solution obtained by N8GAitperforms that

obtained by the heuristic method.
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Figure 5-18: lllustration ofthe solutions obtained by two methof3ase ID B1)

5.6.3 Experimental design forhorizontal slab stacking problem

Typi cxalldbys i nstalled on | ower fl oorNotaere i ns
t haltabs of the same type but installed on c
i n model f ogrrnowsleetnud mdesnd nst all ed on the san

of different types due to engineering requi
di fferent from those for bierdrooRmse ¢chéescta usslea bt ¢
refer to wall and fl oor slwadlsl. dinaltdhiasndtfuld
to be stacked are of two diffebértvedi housieo

whelries an adjustable number according to tl
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are considered i dentical and thus each requ

construction. (Dadrfresemdnd atlwmedi fffoer ent expe

sl ab installation sequence in different sce
foll owing two principles

) There is no mandatory installafilonrsefgabésnc
unl ess they are to bhendnstalled on differen
(i)iFor fl oor and wal l sl abs on the same | evel
the wall sl abs.

For exampl e,( Swekenarher &) aoe sQabWtogpeshe

ground WQlam@f oandhe first floo®Qan@fongt weth
ground flam@rf oand he fshoiwn fABD@Arrehlfes i nst al | a
sequehcdl€hBe QhQO QhQO° VhQ, wHhleales represent ed
side nodes must be instaldedebabapresp (lRoge ,
andy, p . There is no installation priority L
same coljumnmalned; gm,S ab installation sequence

can thus be derived.

Figure 5-19: lllustration of slab installation sequence whien ¢

Chapter 5: Design of Stacking Plans for Prefabricated Panels and Slabs 153



According
The width
3.6 m ar e

of | ayer s

|l ength and

to the | iterat rnd,f epreend a £tn g9 Ineekey i
range of sl ab®22)s, OwlBi Ite dI.&2b m € rz
most common i,20dRact iThe Make wnamu k
in a stack,2i022a3ualTlhereéorep #4n(

wir cetsta satbasn yaec8d ok ta n a@pl pg 1

respectthel maxamdm number of sl abs. in a st a
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settbh@higdoasbowepbet génienaTalalp

proposed methodol ogy, we nei tohend)f imort e edi

number of

sl abs of vlay iwhien toypredu otii.reg ,t lpar

experi menitesacH nssaemar,i o, five instances are

the wdl,oeasnd, yielding 15 problems in total

Tab36ePar amet sfrox®elt,d,0 ncyg, anidn di fferent scen

Scenarios A B C
Maximum layer of a stacky 4 4 4
Number of levelsp 2 3 4
Number of slab types) 8 12 16
Number of slabs) 18 27 36

Number of slabs of typ& 0

Randomly generated, satisfying  p
andB 0 0

Width of slabs of typéQ & Randomly generated frotherange @i Fp& |

Length of slabs of typ@ &  Randomly generated frotherange ¢& | Fod@|i

Tabl7e fSurt her reports Ot & ea ndailnu etsh eo f1 5p arr amed

gener ated

cases. As mentioned above, t he wa
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have two different di mensi ons, and therefo
each flPor ttkekeeetake of simpl i=7iotiny yand sdpadd
val uésd,ahdf ov pi. As each |l evel is consider ¢

of slabs and al so tsé adi mersg fHda eedlexia e d dyle 1)

the samédf®Bré'tereee2s. Take the firstl)case o0
as an example. The numd@an@®f axmnldabksheiigs 3ifme
are also the same (i .e., 0.99 m wide and 2.

typasn®,Qan@, &nadnQ.

Tab37Randomly generated ,dbadrnioes for parart

Case ID 0 @ (m) @ (M)

ko) 1 2 3 4 1 2 3 4 1 2 3 4

A-1 3 4 1 1 099 098 0.87 1.13 245 3.49 261 3.55
A-2 3 1 2 3 083 1.18 0.97 0.83 3.01 357 3.05 296
A-3 3 1 2 3 1.08 098 1.07 0.93 357 245 3.49 3.57
A-4 1 3 1 4 095 106 095 082 345 246 3.21 354
A-5 1 3 2 3 094 094 1.14 098 244 3.04 243 2.99
B-1 4 2 2 1 090 099 106 094 253 3.33 292 3.53
B-2 1 3 3 2 092 1.15 1.02 090 324 264 2.62 3.54
B-3 4 1 2 2 116 094 113 1.00 2.60 2.72 3.06 2.95
B-4 1 4 3 1 082 1.02 1.01 087 351 3.06 3.35 2.96
B-5 2 2 2 3 120 086 1.05 091 281 254 245 2.95
C-1 2 2 3 2 114 118 1.17 1.04 3.09 341 3.36 2.94
C-2 2 2 3 2 118 1.10 1.09 0.95 330 3.23 2.76 2.95
C-3 3 3 2 1 087 110 0.89 1.15 3.22 3.39 244 297
C4 2 3 1 3 110 1.14 1.04 0.88 3.08 296 3.19 3.58
C5 1 3 3 2 101 1.17 098 081 286 2.69 242 3.00
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5.6.4 Computational results of horizontal slab stacking problem

Tabsl8éi sts and compares the solutions to the
by the two methods (i.e., the indegazl progr

t he heurieltabcoirdptpebdo di.x AB3 bot h met hods <can

within seconds, the computational time is n
objectives of the problem, i.e., the total
of reshufflingsar elthoe rcep tiismadn |syo | oymtreio @ e wh e n

using the integer progmrHammengnmegleodpr Agrwaen
outperforms the heuristic met hddientdtiet il vad t
stacking strategies used obpyt ipnyaalpinteye swe @an pt la

two methods is 16.56% for daxwaett hodtcabj aktwa

derive the solution with no additional resh
computational performance of the exact and
of the proposed integer programming method.
Il Tustrative optimal stacking solutions obt
520, where the fourth egsda sofusede mar ian B x(a
commonal ities between the obtained golutior

patterns are d8ppteldwévoer sttalc&ksi At eger pro
better guide pl-afiferambogfihe hhenbttraoé st a

and slab reshufflings of st ack®G(aW Wlht sough e

placing th@os| ththbhayp®rtmakes the overall stac
can effectively avoid additional sl ab reshu
stack 6.
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Tab38 Performanceheomep@amdd onhef heuri stic

Total occupied are& « 0 Total reshuffling worksB « Y
Case
ID .- . o . ..
¢ QR £ 0OnR%) ¢ € "0wn
A-1 15.86 18.13 14.31% 0 0 0
A-2 14.58 18.79  28.88% 0 0 0
A-3 17.16 20.48 19.35% 0 0 0
A-4 14.29 14.29 0.00% 0 2 2
A-5 13.83 17.13 23.86% 0 0 0
B-1 20.07 23.79 18.54% 0 0 0
B-2 23.80 26.89 12.98% 0 0 0
B-3 21.47 25.32 17.93% 0 0 0
B-4 22.25 22.89 2.88% 0 1 1
B-5 19.55 23.40 19.69% 0 0 0
C-1 33.00 38.36 16.24% 0 2 2
C-2 29.52 34.71 17.58% 0 2 2
C-3 27.34 33.33 21.91% 0 1 1
C-4 29.66 34.85 17.50% 0 1 1
C-5 24.30 28.36 16.71% 0 1 1
Average 16.56%

Notes (1)¢ @@ andé O arethe two objectives solved by the integer programming method,
whereag @@ andé ©OA are the two objectivessolved by the heuristic method. (2) The
optimality gaps between the two objectives obtained by different methods are den@earjaynd

OO nRwhereOon ¢ @ £ o T o andohn ¢ ¢ ol .
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Ri:0 A; 131212 R,:0 Ap:31212  Rp:0 Ap:3.212 @

Stack 1 Stack 2 Stack 3 Ms: ko kY ks
R,:0 A;,:33835 R0 A :33835  R,:0 Ay 3.5451

(a) Solution by integer programming method

R,:0 A,:31212  R,:0 Ay:30212 R0 Ap:3.1212 D

Stack 1 Stack 2 Stack 3 M.
30

R;,:0 A,:35451 R0 A; 33835 R0 A;:35451

Stack 4 Stack 5 Stack 6 Stack 7
(b) Solution by heuristic method

Figure 5-20: Optimal stacking solutions by two methods (Case 1&)B

5.7 SUMMARY

In this chaptey thevertical panel stacking problemnd horizontal slab stacking problem
are investigated and formulated intedtijective programming model&hose goal is to
find optimal stacking solutions that simultaneously minimize the total number of trailers

used and the total weight imbalancéeframetrailers(or the number of slab reshuffling)

In the current literature, two optimization objectives are scalarized to one objective so
that the standard singtebjective optimization methods can be used for protdelwving.

However we live in a world full of trad®ffs. Many if not all reaworld problems are
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bi-objective or multiobjective by nature, with two or more conflicting and incomparable
objectives. For example, from the perspective of a decision maker, it would be preferable
to consider both objectives (e.g., time and cost, quantity and qualityffenehey and
equality) as part of the optimization procedssuitively, the two objectives incorporated

in each of the proposedodek are conflicting Take the vertical panel stacking problem
asan example:to decrease the number of trailers used,ersiheed to carry as many
panels as possible regardless of whether this would resatinmbalanced load, and the
derived result®f Case ID A3 and B3 in Section 5.6.Zonfirm this issueScarification

of two objectives into one objectives evident drawbacks. Take Case H2 i Section
5.6.2as an example: the heuristic method obtains a stacking plan in which 3 trailers are

required but the weight imbalance of trailers is over 20 tons.

Bi-objective programming incorporatthne mixing of noncomparable objectives and thus

can effectively avoid such polarized solutions that are practically infeaSibjectives

and factors considered in this chapter represent the general concerns and aims of stacking
planners in practice, making the two studies presented in this chapter more comprehensive
representations of relfe panel and slab stacking operatiaghsn prior studies. The
developedi-objective models and algorithrhelp decision makerto betterunderstand

the tradeoff betweerdifferent optimization objectiveseforechoosinga suitable solution.
Furthermoreto show the research generalizabilgytensivenstances are designadd

tested making thevalidationexperimentsliverse and as close as possible to the various
possibilities of different redife construction projectsAs the desire for bobjective
optimization becomes increasingly urgehie proposednethodology is expected to be

applied to various practical problems in the field of construction and engineering.
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Chapter 6: Transport Planning for Modular
Integrated Construction®

6.1 INTRODUCTION

Modular construction isecognizedas a promising construction method to improve the
quality, sustainability, productivity, and safety of building construction, and therefore has
attracted worldwide attention (Wong et al., 20 H9Ywever, the wide implementation of
modular constructiofaces manyracticalchallenges, the topmost of which is related to
thetransportatiorof MiC modulegZheng et a].2023; Hussein et a]2023).This chapter

Is motivated by thipracticalchallenge andims to develop a scientific approach for MiC
transportplanning, therebychiewng on-time doorto-door moduledelivery in acost
effectivemanner(Research question Z)his chapter is outlined as follows. Secti6ér2
introduces theesearchbackground. Sectiof 3 identifies the research gagosd explains
the potential pathways to fill the existing gafection6.4 presentsa detailed description
of themoduletransport planningroblemand formulateg into anIP model. Sectior®.5
explainsthe methodisedfor model calculationSectior6.6 validates the proposed model
andsolution methodhrougha Hong Kong case stud$3ection6.7 presents conclusions

and summarizes the whole chapter.

6.2 BACKGROUND

Modular construction, referred to as PPVC in Singapore and MiC in Hong Koag, is
gamechangingmethod hat carfacilitate the sustainable development of the construction

industry BCA, Singapore2017b,CIC, Hong Kong, 2023aBy dividing the construction

®Wang, H., Liao, L., Yi, W., Zhen, L., 2023. Transportation scheduling for modules used in modular integrated construction.
International Journal of Production Resea2(11), 39183931
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of a whole building into separat®lumetricmodulesthat can be fabricated in edite
factories, mostonstructiomactivitiescan bedevoted to a controlled offite environment
(Hussein and Zaye@021a) Asthemodulesdeliveredto sitesonly needo be assembled
into a preconstructed structure, the requirement fesit@nlabor can be greatly reduced
(Mao et al, 2016).Generally MiC modules (with internal finishes, fixtures, and fittings)
represent the most advanced prefabrication techn¢gBggram et al., 2019 Currently,
MiC has been adopted tonstruchotels, apartments, and residential buildings in various
countries and regions,g., in the USA, the UK, Singapor€hina,and KoreaHong et

al., 2018 Chen et a].2022 Wang et al., 2024b

However,the complicated and costly transportation of MiC modules represdénigea
obstacle tahe wideadoptionof MiC (Zheng et al.2023; Hussein et a).2023). MiC
modules are typically of bulky sizes and high completion rates (Yang et al., 2022). It is
acknowledged within the construction industry that the transportation of MiC modules is
muchmoreexpensivandintricatethan the transportation of raw materials in gasgtitu
construction (GC, Hong Kong,2021; BCA, Singapore202%). Two key challenges are

to be addressed in MiC module transportation planriirgt, the logistics cosiof MiC
modulesneed to be better controlledormally, cost is considered a prioritized objective

by practitioners (Chen et al., 2023he transportation casbf precstcomponents rank
among the top three contributors to the ovesafpenditure(Hong et al., 2018)More
importantly, MiC moduldransportation from factories to sites brings additional costs that
are not incorporated intbheconventionall-in-situ construction (Jaillon and Po@009

Mao et al, 2016) In Hong Kong, for example, the construction expenditure is expected
to reach 44.2 billion USD (exchange rate: 1 USD =7.8 HKD) by 2080, Hong Kong,

20229), which implies that over 4 billion USD is estimated to be spent onb@ule

Chapter 6: Transport Planning for Modular Integrated Construction 161



transportation in Hong Kong in 2030. Therefore, failing to control logistics costs may
result inseverecost overruns anfiirtherwipe out the benefits of using MiC. Second, a
scientificmethod for théransporfplaming of MiC modulesshould be developed. the
current practice, MiGnodules are delivered to sites accordinghetransportation plans
made by general contractors of construction projects based on their expenbkiote

may cause progress delays, additional storage, and budget overruasidQan, 2023)

As the types and dimensions of Min@bdules vary greatly among construction projects
(Wuni and Shen2020), practitioners are in urgent need of an automated tool that can
generate optimal transportation plansdetiveringMiCs from factories to construction
sites.A well-designed module transportation plzas the potentiab redue the overall
projectcostsby I8 0 %, compared to the sub(Faagand v e

Ng, 2019)

This chapters motivated by the reaborld need for a scientific approach thetransport
planning ofMiC module An innovativelP model is formulated with the objective of

minimizing the total transportation costs, including trailer rental, fuel costs, and worker

salaries. A case study based on Hong Kong data validates that the developed model can

efficiently solvethe problems of practical sizeResults demonstrate thée proposed
MiC module transportation plan can redueeodule transportation costs by 58.7%
comparedwith a JIT strategy, thus bringing great economic benefits to practitioners in

the offsite constructiomndustry.

6.3 RESEARCH GAPS AND CONTRIBUTIONS

Based on the literature review presented in Chapteca) beobserve that an increasing

number of studies have been devoted to the transport planning proljpeeiatfricated
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productsand tothe development dfigh-quality approaches for transportation scheduling
Despite manynsightful review paperssuch asBriskorn and Dienstknecht (201&phd
Olawumi et al. (2022)there has been a dearthinVestigationinto theformulation of
operations research models for trensport planningf 3D MiC modules.Theresearch

gaps are identified as follows.

First, the current literature has mainly focused on the supply chain management of 2D
PCs (such agprecast floorslabs andprefabricatedvall panels), rather than that of 3D
volumetric modulesThe transportation plans designed forRCs can hardly be applied
to 3D volumetric modules due to their bulkier sizes and more stringent JIT requirements

(Heravi et al., 2020; IC, Hong Kong,2021; Zheng et al., 2023).

Secondathough the importance of JIT has been increasingly recognized, to the best of
our knowledge, there is a dearthresearch that comparttee optimal module transport
plansin two scenariosi.e., (i) there is available esite space for module storageon
implementation of the JIT strategghd (i) modulesnustbe delivered to sitesn time

(implementation of the JIT strategy)

In light of the existing literatureanIP modelwith the objective ominimizing the total
transportation costef 3D volumetric moduless proposed in this chapteh tailored
solution is designed that can efficiently solve the investigated module transport planning
problem of practical scales. This studgricles the currentliterature byproposing a
transport planning todb reduce transportation costisprecast moduleshereby bringing

considerable cost savings for practitioners to use the predtibndechnology.
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6.4 PROBLEM FORMULATION
6.4.1 Problem description

Consiaderonstructi on st pp e s tnodtdhes it €Cdreenqouti erde sb y
V) g¥cal endar daysYV. (dienredthd dasbeyy™sigty pafc h
whilkdas a0 Wiuditi K : m) & & o d i ®aT:hlempngutnhb enro daafl eMi C
of fyeeuired to be on siteofordeinisteadl bayt i o
predetermined and recorded in the construct
at 0:00. At ni ght (fr ommoOd:s0l0a rteo t8r:aln0s)p, o ratlelc
construction site and then stor ednotdlmeéree; i n

are installed at their target | ocations in

The whole process6li.s Adepihet dckgimnkFingurmd ea
ONY the project manager fir s.t Vee cdiedf d sn ewhae tbh
var i_atbhHeaet equals 1 if at tihesehs®e omnet kbeCni ght
and O othemwitsheeer el fi s no moeamlsportiae i minglotf
dband the project manager does not make any
the project manager must ensulse otrleadtotnhe int
the beginning of the dayt derdf,bdifdbyneo ilnesstsa lt
t hraegquired to be stor,ed poenQzsi_I ép,befher @ rion etc
managerf wsrhtorudrd schedul e the MiIi C transportat
modsel ef each type to be transported, the tr
trips that each rented model erestdelul-detakeb

tractarl ers (FherhgseameaddW a2p0eRschminf @t bael er s

5As we do not impose that 0 , it is possible thab o . The length and width of MiCs refer their dimensionslong the
length and width of trailers duringading and transportation, respectively.
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(denot €Wyl Hywks dtl at bed | emg®h( uonfi.tt:Waem)tl et isn e f &
binary yahadbadles 1 i f a tr adtsomr ewmitteld @ nt rt die
of da@wanyd O otbeefvpde GoTm!| ef Qttyopebe deter mi ne
del i verasdembyct bel mulst tifralres . For daaittoent e
t radonert he nbghutsiadhlgfaipesi t comaxitmkas af

round trips thatd) ni &b ee(qtubad st etdh eb yq usoetti e nt

number of working hours at night (i.e., 8 nh
The Iattdependent on many practi dale ffaacttorrsy,
and ctomestruction sitestrtailte artrt avel sapdedhef e

t heoadi ng ampd ocrlsca dif nAMlit@ romaMiiadl @ se t ranspor
to the site, a tower cmadesel rpem atttoe twidill am
them in the storage yard, d. heTheafsf,ectthievet ostte
occupi ed nboydsaleln MiiGe camhobubiend arlger dapnt@inl
0 the remodealeai IMi Ctad hiengt dalalrgé&t | ocati ons i
abomenti oned process is repeated until t he

proj eg¥tdays.er

This chapter investigates thaptimal MiC transporplanningproblemto minimize the
total costs, including the rental of setractortrailers, fuel costs, and salaries paid to
drivers and tower crane operators. Figstando are usedo indicate the salaries paid to
one driver and one tower crane operategpectively. Thn the totalsalaries paid to
drivers and tower crane operators duringeghgreconstruction period arealculated by

B. B. @  andB . @_, respectively. Note that the total salaries paidrieers

and tower crane operators cannot be rewritte® as @ ® because the number

of drivers required depends on the number of gesatortrailers rented; that is, as long
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as a trailer of typé@ is rented, a driver is required for trailer The rental for a tractor

with a trailer of type is denotedas® (unit: $/night). The fuel cost of one trip, denoted

by & (unit: $/trip), equals the product of the unit fuel cost (unit: $/L), the unit fuel
consumption (unit: L/km), and the roundtrip distance between factory and construction
site (unit: km).Thus, the total rentals and fuel costs duthmgs Y daysarecalculated by

B. B. Oy o f

0
H@=1)

P R— |

1 whether to transport MiCs

'& 2 transportation scheduling
:

P(Zl the number of MiCs of type k transported)

MiC information: K, ny, L, wy, '\‘

e, || I

: l ky k3 - TN s S
: : 3 -

5-->(2.2 whether to rent a trailer of type u ) @
: ) X Y -» Install the MiCs

. {2.3 the number of trips of each rented trailer ) Eonstenction site to their target locations

i Vehicle information‘ UB,L, Yiu i::@iﬂ ‘
ey [ @ | | | storagevard (
Filts P Lte—" — A}
1 )

Bex
Legend: !_E_:)__ — decisions (ie., vmnables) m

. J J

Figure 6-1: lllustration of all inputs andecisions of the problem

Before presenting the mathematical model, we summarizadlelassumptions. First,
transportation uncertainty, e.g., delays in MiC delivery caused by traffic congestion or
accidental module damages, is matorporated Second, all of the construction works
strictly follow a predetermined construction plan. Third, managers have full access to

information such as the effective-gite storage area, trailer types and rentals, unit fuel
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cost, and salaries of drivers and crane operafdrshe notation used throughout this

chapter is listed as follows.

Sets and indices

Y set of construction days, indexed @y

0 set of the types of MiC modules, indexed@y

% set of trailer types, indexed ldy

6 set of trips, indexed bg
Parameters

0 the effective storage area of the construction site

the total number of Mi@nodules of type Qrequired by the construction si

€ during the whole construction period

, the number of MiCmodules of type'Qrequired to be stored on site at t
Qi beginning of the daytime (before installation) of calendara@ay

0 the dimension of MiGnodules of typeQalong the width of trailers

a the dimension of MiGnodules of typeQalong the length of trailers

0 the flatbed length of trailers of type

& the salary for one driver ($/night)

&) the rental cost of a tractor with a trailer of typéunit: $/night)

&) the fuel cost of MiGnoduletransportation (unit: $/trip)

& the salary for one tower crane operator ($/night)

Decision variables

integer, the number of Mi@odules of type'Qtransported to site on the nig
of calendar dayp

Chapter 6: Transport Planning for Modular Integrated Construction 167



integer, the number of Mi@odules of typeQon site at the beginning of tr
daytime (before installation) of calendar day

binary, it equals 1 if a tractor with a trailer of tyfpés rented to transpol
[ MiC modules on the night of calendar daynd 0 otherwise

integer, the number of trips that a tractor with a trailer of typekes on the

1k night of calendar dag

integer, the number of trips that a tractor with a trailer of typekes on the
1 night of calendar dag

binary, it equals 1 if at least one MiGoduleis transported by a tractor wit
—hh a trailer of typed in its trip con the night of calendar da&yand 0 otherwise

integer, the number of Mi@odules of type'Qtransported by a tractor wit
“hhh 3 trailer of typed in its trip &on the night of calendar day

binary, it equals 1 if at least one MiGoduleis transported to site on tr
= night of calendar dagand O otherwise

6.4.2 Model formulation

According to the problerdescription presented Section 6.4.1the transport planning

problem of MiC modules can be formulai@sbn MIP model[! o] as follows

I IMiniBizBe, @ ©lf B. @ [ ©_ (6-1)
s.tB.| 5 & O O (6-2)
T | h Qp OV (6-3)
T T n Q& |5 Qg bov Y p ROy © (&)
IR bon "Yon 7Y ( 6)
f R Lon Yo N Y ( 6)
B, a 01y O L oN Y ( )
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~

Bv -7 0 —5 I ON "YO N YON 6 ( 8B)

Bvw B -fff | & bon QY 0 (8
Bv —r 1 & bon "YonN Y (avp
—h —F i Lon "Yon Yon 6, p (6 )
_f fh—p v Tip bov Yo~ Yo 8 (42
AR AR R RN O b oN AN O N "Yoov 6.( 4 3

Objectivefunction @-1) aims to minimize the total cssof delivering MiC modules
whereB . @ @ [ j indicates the salary paid to drivers and the rental cost of tractors
with different trailers on calendar dayB . @] 5 indicates the total fuel cost of MiC
moduletransportation on calendar dagnd it depends on the number of trips that all
rented semtractortrailers take, ando_ indicates the salary paid to tower crane
operators on calendar dayConstraints§-2) specify that alMiC modules of each type
"Qwill be delivered tahesite during the construction period. Constraigi8) and 6-4)
calculate the number of Mi@odules of type'Qon siteat the beginning of the daytime
(before installation) o€alendar day, which should be no less than tihember of MiC
modules of type'Qrequired to be storedf 6 p, it equals the number &iC modules

of type Qtransported to sitdf © ¢, 0, €Y it equals the number &4iC modules of
typeQon siteat the beginning of the daytime (before installationyaéndar dap p
minusthe number of MiGnodules of typeQrequired to be transported tlwe site on the
night of calendar dag p and plus th@umber of MiCmodules of type'Qtransported to
thesite on the night of calendar dayConstraints&-5) link the integer variable j with
binary variablg j , which guarantee th#tte number of trips of a tractor with a trailer of
type 6 on the night of calendar da@should be no more than the maximum number of

trips that a serdiractortrailer can take each nighConstraints () requirethat the
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transportation of MiGnodules is arranged othe night of calendalaydas long as any
tractor with a trailer of typé is rented. Constraint$4{7) guarantee that the total area
occupied by all MiCmodules on site cannot exceed the effective storage air¢he
construction site. Constraint§-8) limit that the total length oéll transported MiC
modules by a tractor with a trailer of tygein its trip @should be no greater than the
length of the trailer. Constraint6-9) stipulate that thaumber of MiCmodules of type
"Qtransported tthesiteequals the sum of Mi@odules transported biyailers of all types

in all their trips on the night of calendar dayConstraints&-10) calculatehe number of
trips that a tractor with a trailer of tyjgetakes on the night of calendar dayConstraints
(6-11) ensure the consecutiveness of trailer trips, that is, a trailer can take its né@xt trip
only when it finishes a previous trjp p. Constraints §12) and 6-13) define the

domains of thelecision variables.

6.5 ALGORITHM DESIGN

ThelP modelshownin Section 6.4.2s appropriately formulated so that it can be directly
embedded into commercial solverg,., CPLEX. Practitioners simply need to input the
required parameters.g., the salaries of drivers and crane operaamcdimensions of
modulesand trailers and CPLEX will automatically perform calculations and yield
optimal solutionsSince CPLEXalreadyhas thecomputationatapability to efficiently
derive theoptimal transportation plans, typically in less than one mifartgracticat

scale problers it may not be necessary to devetbpheuristic algorithms.
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6.6 EXPERIMENTAL VALIDATION

To validate the effectiveness and efficiency of the proposathematicaimodel, this
sectionpresents itsmplemenation to a realife construction project in Hong Kong.
Project information for this case study is derived from Jaillon and Poon (2008). Section
6.6.1 explains how the model parameters were set based on the project data63&2tion
reports the statistical results. Sect®f.3 considers the Mitoduletransportplanning
problem under th8IT strategy.Section 6.6.4 presents thensitivity analysis othe on

sitestorage area

6.6.1 Data collection

Many residential and commercial buildings in Hong Kong adopt a hybrid construction
method that is, botthconventionamethodand prefabricatiotechnologyare used in one
project.The pecast rateefers tathe percentage of prefabrication used in the total volume

(Hong et al.2018).

First, the project overvievs presentedncluding precast rate, the types of Mi©dules

used, the number of MiCs of each type, and the entire construction period. The project
wasto construct a 38torey tower and a twievel podium composed of 310 construction
units. The construction units are of eight types, including bay windows, structural walls,
staircases and stairwells, sepnecast slabs, precast facades, precast balcqmassast
kitchens, and precast bathrooms. As the precast rate of the lariging is 50%, we

infer that there are 165 prefabricated units of eight types. Asttidgmainly focuses on

MiC modules and the number of precast construction units is assumed to be the same for
each typetheprecast balconies, precast kitchens, and precast batheverosnsidered

each with 20 units. Assume that the time period for installing all Mdlules in this

Chapter 6: Transport Planning for Modular Integrated Construction 171



project is one month. The number of Mi@dules of different types required to be stored
on site at the beginning of the daytime (before installation) on each day is randomly

generated and listed in Talflel.

Tab@lePar amet erQpsetting for

Qp 0 0 0 0 0 o] 0 0 o] 0
Precast
. 1 0 0 2 0 0 0 2 1 1
balconies,Q
Precast
kitchensQ 1 1 1 0 1 1 0 0 0 1
Precast 0 0 1 0 1 1 0 1 1 0
bathroomsQ
Qp 0 0 0 0 0 0 o] 0 0 0
Precast
. 1 0 1 0 1 0 0 0 1 3
balconies,Q
Precast 0 1 0 0 0 2 1 0 0 0
kitchens, Q
Precast 2 2 0 1 2 1 0 0 0 0
bathroomsQ
Qp 0 0 0 0 0 0 0 0 0 0
Precast
. 1 2 0 1 0 0 0 0 1 1
balconies,Q
Precast 1 1 0 2 2 1 1 0 1 1
kitchens Q
Precast

bathrooms’Q

Chapter 6: Transport Planning for Modular Integrated Construction 172



Then the data of osite storage area for Mi@odules, andthe dimensioml and weight
capacityof MiC modulesandtrailers are reportedThe total area of the construction site
is @ o 1 1. According to the layout of construction sites (Jung et28l18 Yi et al,,

2018), hey usually include building construction workspace, indoor storage area, and
outdoor storage area. All large construction materials that can only be hoisted by tower
cranes, such as reinforced bars, deck plates, structural steel beams, anodJi&, are
stored in outdoor yard, which accounts for approximately 20% of the entire construction
site (i.e.,p ¢ i 11). Thus, we assume that the effective storage area for MiCstibst .
Although the dimensions of three types of Mitddules are not recorded in Jaillon and
Poon (2008), we choose the dimensions commonly used in practice (Zheng@@23al.
Zhuand Pan2022),i.e.o8 | c&l ,oi c¢®&I1 ,andpi o® I .Thetwo lengths

for the flatbed of semtractortrailers arex® i andp @i (Kharrazj 2012 Karam and

Reinay 2021)

Finally, the values of parameters related to castsdeterminedThe rentals fotractoss

with x&I1 andp @i trailersare assumed to be 1200 and 1750 HKD/night, respectively.
The distance between theoduleproduction factory and the construction site is 28 km,

and the vehicle speed is 40 km/h (Hong Kong Transport Departmed}, Z08s, a semi
tractortrailer can at most take five trips each night. According to Karam and Reinau
(2021), the fuel consumption aEemitractortrailer is 0.28 L. The unit fuel price is 16.8
HKD/L (Hong Kong Consumer Council, 2022). Thus, the fuel cost for one round trip is
about 260 HKD. The salaries paid to one driver and one tower crane operator are 600 and

900 HKD/night, respectely.
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6.6.2 Computational results

The proposed model was implemented in Visual Studio 201,%rsolved by CPLEX

12.6.1. The computational time was 38 seconds. The objective of the case study is 37,650

HKD, and the optimal Mi@noduletransportation plan is listlin Table6-2. Furthermore,

Table6-3 shows the types of trailers used and the types of MiCs transported in each trip.

To present the solutionmore clearly and visually, Figure6-2, 6-3, and6-4 take the
construction period (unit: days) as the horizontal axis and the number ombiQles
transported on each day (unit: pcs) and the total number ofiidliles transported up

to each day (unit: pcs) of typ&), 'Q, and’Q as the primary and secondary vertical axes,

respectively.
Taba2eOpt i mal Mi C transportation

0 0 0 0 0 0 0 0
| R 5 1 2 2 4 3 3 0
| R 4 1 2 0 3 2 4 4
| & 1 4 3 4 2 3 3 0
1 & 0 0 0 0 0 0 2 4
1 5 5 5 5 4 5 5 5 0

Notes (1) MiC moduletransportation is only arranged on the days listed in the table, i.e., there are no
MiC moduledeliveries on other days (., 6,6 0,0 ,0 ,6 0,0 0 ,0 ,0 ,0,

ando 0 ). (2) For example, the transportation plan on daig to rent a tractor with a 13r@

long trailer that travels five round trips for delivering five precast balconies, four precast kitoidns

one precast bathroom.
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Tab@3kTypes of trailermodsééramgdpoypes onh K
(mdelag )
o
Q 6 0 6 Q 6 Q
QhQ 6 0 6 QhQ 6 QhQ
QhQ 6 QhQ 6 ol 6 QhQ
QhQ 6 0 6 o) 6 o)
QhQ 6 0 6 o) 6 o)
QhQ 6 0 6 QhQ
0
0 0 0 0 ko) 0 ko)
0 0 0 0 0 0 ko)
QhQ 0 0 6 ol 6 0
QhQ 0 QnQ 6 QhQ 6 0
QhQ 6 QhQ 6 QhQ 6 o)
QhQ 6 QhQ 6 QhQ
— — — o) ko) — —
— — — o) ko) — —

Note: For example, a tractor with a 126 long trailer is rented and delivers five trips on the night of
dayo . One precadbalcony and one precast kitchen are delivered in each of the first four trips, and

one precast balcony and one precast bathroom are delivered in the last trip.

Chapter 6: Transport Planning for Modular Integrated Construction 175



20

wm

MiC of type k;

18

16

-

14

12

w

10

[

Number of MiCs transported on each day (pcs)
-

Total number of MiCs transported (pcs)

?
Z
Z
v
7z
7
5
v/

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
77772 At Je., th,kl -dt,kl - Zg’:uar,kl _.-Zg’:(]dt,kl Construction period (days)

vl

Figure 6-2: Number of MiCmodules transported on dayand the total number of MiC
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Figure 6-3: Number of MiCmodules transported on dayand the total number of MiC

modules transported up to day(MiC module type Q)
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