ABSTRACT

CHEN, GONGFAN. Enhance Collaboration Reliability at Task Level for Construction Projects
Using Blockchain Technology. (Under the direction of Dr. Min Liu).

Rel i able workflow is critical i n enhancing
A reliable workflow can be achieved by ensuring that communication flows smoothly between all
specialty trades involved, constraints are removed, and instanafdedbavailable. Moreover, a
transparent and accountable environment can uphold a reliable workflow because all parties can
understand their responsibilities, risks, and expected outcamembiguously Recently, the
adoption of blockchain technology imrmstruction has emerged as a disruptive trend, providing
opportunities to facilitate and decentralize production management through the power of smart
contracts. However, the following questions are yet to know: (1) how to investigate the impacts of
constai nts arising from the specialty tradesod vz
derive fair profit allocation contract consensus among specialty trades when working in the
coalition, and (3) how to integrate semantically rickbast data toprovide automatic project
appraisals and instant decisioraking to enhance a reliable workflow. This research aims to
provide contextualization, incentivization, and digitalization to enhancelgask collaboration
reliability using blockchairenabled mart contracts. Three primary goals are to (1) quantify the
interdependent interrelated impacts of project constraints arising from variations in specialty trades
on project outcomes, (2) derive a fair benefit distribution method among specialty traages whe
working in a collaborative work setting, and (8)jegrate semantically rich dmiilt images to
automate smart contract executions.

First, the research selected a modular construction project to investigate the impact of
specialty tr daheprgedt's duetion and dosisnAssimalation model was deployed,

and the resulting profits were encoded in smart contracts as incpatiedty sharing rules. These



rules were designed to enforce a higher level of performance among specialty tragey, ther
ensuring reliable constraint removal. To record and shabeiismages as unique evidence for
performance verification, an InterPlanetary File System (1/&Sgd approach was integrated into

the framework. Next, the research combined and permwatgalis collaborative variables for

three specialty trades, generating 27 scenarios in simulation. The Shapley value was then applied
to aggregate the outcomes and determine the fair bshefing mechanism, which was
subsequently embedded in smart cactis and tested in various scenarios to validate the
effectiveness and efficiency of the developed framework. Lastly, artsighresidential building

was selected, and-asilt image data was collected. To classify thdait image into different
progress categories, a deep learning model was developed for blockchain oracle development.
Furthermore, the research analyzed the various impacts of prerequisite detyghirand
identified optimal mitigation strategies. Ultimately, a decentralized apjolicatas developed,

which synchronizes dasuilt images, classified results, and mitigation strategies to enable
automatic smart contract executions.

The first case study revealed that reliable constraint removal leads to substantial reductions
in wait timefor equipment and labor, resulting in an overall cost savings of 4.7% compared to the
benchmark scenario. For example, the removal of material constraints resulted in a 45.7% and
78.5% reduction in equipment and labor wait times, respectively. Additioniiéy use of
simulation to convert implicit construction dynamics into explicit contract consensus facilitated
the adoption of smart contracts in the construction industry.-#Pla8led data sharing allowed for
distributed file storage on construction @as. The second case study demonstrated that
collaborating at the highest reliability level can lead to savings of 17.1% in project duration and

2.8% in overall project costs compared to scenarios where all parties performed at the middle



reliability levd. The benefitsharing rules developed in the study provided incentives for reliable
collaboration, and blockchain validation ensured that smart contracts could guarantee
corresponding payments based on the consensus, ensuring fairness. The third cabewsed!

an accuracy of 97% in the automated smart contract execution process. The study identified
bottleneck activities for smart contract execution and recommended optimal mitigation strategies
to manage various prerequisite delay risks. A decentralgmalication was developed to
synchronize abuilt images, monitor progress, and mitigate risks, providing a-frisedly
interface for construction stakeholders to interact with smart contracts and blockchain.

This PhD research develops an innovativengaork to quantify the interdependent
relationships of project constraints, facilitating risk prognosis and diagnosis for deuizkimg.
Furthermore, this researetivances a new beneBharing mechanism for project participants who
worked in a coalitio towarda common project goal, which incentivizes bottom negotiation
and decisiormaking, to promote a reliable workflow. Additionally, the integration ebuait
images enhances automation and fosters trust among specialty trades. As a resttetherk
can generate an automatic and reliable workflow by utilizingdpfened consensus to shape
collaborative behaviors and employing blockchain to enforce instant mitigations. The research also
benefits construction professionals by providing thenh witerfriendly decentralized application
tools for interacting with blockchain and smart contracts, as well as knowledge of identifying
bottleneck activities for project executions. Ultimately, this research aims to shift current
centralized constructiomanagement into a decentralized approach. The findings of this research
can facilitate automation, improve production efficiency, and establish trust within the

construction industry.
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Figure 5.4. Constraints network graph
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CHAPTER 1 INTRODUCTION

The goal of this research is to provide contextualization, incentivization, and digitalization
for tasklevel production management usibigckchainrenabled smart contracts to nurture a more
collaborative and decentralized decisioaking environment for construction projects. This
chapter presents the research background and questions, identifies the research objectives,
highlights the poihof departure and overall research design, defines the research scope, and
discusses the structure of the dissertation.
1.1.Background and Research Need

The construction industry is a vital sector that plays a crucial role in supporting economic
growth and deelopment. It is a labeintensive industry that involves the collaboration of various
specialty trades or subcontractors. These trades perform a series of interdependent and sequential
tasks that are essential to achieve the desired outcome. Howeverortipdexity of the
construction industry is not limited to the intricacy of the tasks but also the interaction between the
specialty trades and the interplay of various constraints. According {8 &ureau of Labor
Statistics 2023)constructioron-site labor productivity shows aannual average increasé 0%
from 2001 to 2021, it even showsannual average declid 2.1% and 3.8% from 2017 to 2019
and 2020 to 2021, respectively, which are showifrigure 1.1. To address these challenges,

reliable workfl ow management is crit.i(Eanl i

=)

and Park 2011; Liu et al. 2011; Sacks et28113) Workflow is defined agthe movement of
information and materials through a network of production units, each of which processes them
before releasing them downstredBallard 2000) Workflow reliability is defined as thextent to

which a consuction plan is an accurate forecast of future evédgranmardi 2019)
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Figurel.1. Construction labor productivity data from 2001 to 2021

Construction constraintge one of the kefactorsaffectingreliableworkflow. Constraints
existed endogenous and exogenous during the construction process. There is a lack of a method to
guantify the impacts of interrelated and interdependent constaairthe overall project outcomes.
(Koskela 1999)dentified at least seven types of constraints that must be removed to achieve a
smooth and predictable workflow. These constraints include design and working methods,
components and materials, laborexguipment and tools, space, prerequisite work, and external
conditions.(Zakeri et al. 1996jound that constraints can lead to an overall 51% of hour loss per
operative per site per week. Their activity sampling results show&db%4unproductive time
variation on the construction sites. The impacts of these constraints are not linear, and the
proportional effect of a single constraint in production or management is difficult to quantify as it
spreads throughout the system. Consequently, constructigectpmanagers must dedicate
significant amounts of time to planning meetings, where they discuss, analyze, and remove
constraints(Javanmardi et al. 2020However, the severity levels of these constraints, their
combined impacts, and the effects ofable constraint removals are often unknown, making it

2



challenging to plan a predictable workflow-amte. It is not an easy task for a single central
manager to effectively evaluate and address complex constraint interactions that exist throughout
the confruction process. As such, there is an urgent need for a more nuanced understanding of
how to quantify constraints and provide contextualization that can suppotevasidecision

making and achieve reliable workflod&.summary of current statgf-art research orconstruction

constraintss shown inTablel.1.



Tablel.1. Selected publications of stadé-art constraint research construction

Reference Country Research Topic Research Type Limitation s
(Roofigart Present an uncertaingware framework tc _ Cost factoiwasnot integrated
SRR ) . Framework:Case . : -
Esfahan and Canada optimize timespace constraintsr linear in the timespace optimization
) i study
Razavi 2017) projects model
WMOL ey o ogSIce Constante 1 casesuay  The sedtence a cualy o
2018) : 9 Analytical approact IVeryw
construction projects considered
(Wang et al. , Systemic approach for constrainte Frame work; Constraints were evaluated
China : Questionnaire based on the answers from
2019a) computer maintenance management sys : .
survey questionnaire survey
Building Information Modeling BIM)-
(Abbasi et al. based cqmblngtlon Of. takt time gnd'dlsc'r‘ Concept.ual The effects of time delayere
Iran event simulation for implementing just ir framework; Case : .
2020) s X : not consideredh the research
time in construction scheduling under study
constraints
(Javanmardi et al An informationtheoretic approach to Framework: Case The constraints measuremen
USA guantify the constraints and optimize ’ did not consider the constrain
2020) . study .
constraint removal sequence severity
Present a Linke®ata based Constraint Conceptual Space.constramt.s, safety
(Soman et al. : : . constraints, and site layout
UK Checking approach to check for constrai framework; Proof .
2020) constrants were not fully

violation in distributed construction date of ConcepiPoC) considered in the model

Material and equipment with

Framework; Case their associated uncertainties

study were not fully integrated in the
developed system

Hybrid genetic algorithm and constraint
USA based simulation framework for building
construction project planning and contrc

(Mahdavian and
Shojaei 2020)

Investigate the relevance of work
(Lagos and . preparation and the relationship betwee Survey; Analytical Performance assessment wa
A Chile . . o .
Alarcon 2021) constraint management and project approach limited to schedule metrics
performance




Table 1.1. (continued).

(Kong et al.

2021) China

(Wu et al. 2021a) Australia

(Wu et al. 2021b) Australia

(Zhang and Yu

2021) China
(Soman and
Molina-Solana UK
2022)

Investigate the resource input optimizatic
problem with combined time constraints

Hybrid deep learning model for automatii
constraint modelling in advanced workin
packaging AWP)

A hybrid approach to automatically extra
and integrate constraint information fron
texts and encode it to ontologies
Solve the dynamic prefabricated
component site layout problem subject 1
the site constraints, component constrait
construction schedule and component
arrival schedule constraints and their
interactive constraints
Automating lookahead schedule
generation for construction using linked
data based constraint checking and
reinforcement learning

Conceptual
framework; Case
study

Conceptual
framework; PoC

Conceptual
framework; PoC

Case study;

Themulti-skilled resources
were neglected

The proposed model cannot
achieve fully automated
constraint modelling, is limitec

in Chinese, and the created
AWP graphs can be incomple
The model might produce
wrong relation establishment
and generate duplicated entitis

The uncertainties inherent in
construction activity durations

Analytical approact and component arrival schedu

Conceptual
framework; PoC

were not considered

Modelling standard
construction constraints using
the proposed method istho

ideal




Furthermoreyeliable workflow depends on the collaborateféorts by various teams of
specialty trades toward a common goal. However, no mechanism was found to for fair benefits
sharing to incentivize collaborative efforts towards achieving a reliable workflow. The
construction industry has long struggled with the isdufair paymentgBolton et al. 2022; Peters
et al. 2019) Tasklevel specialty trades are typically comprised of diverse parties with distinct
professional backgrounds who seek to maximize their individual benefits without necessarily
consideringtheimact on ot her specialty tr adSackdandvo r k
Harel 2006; Sun et al. 2016; Walker 200Phe contractual relationships between these specialty
trades primarily influence their interactio(sssaad et al. 2020However,given the complexity
of the construction process and the numerous uncertainties it entails, it is challenging to establish
responsibility and accurately identify payment amounts for the involved specialty trades
beforehand. Consequently, payment enforagenie construction projects does not occur until
project completion, resulting in disputes and unfairness in assigning compensations and penalties
to responsible partidti et al. 2023) Therefore, it is critical to establish equitable and reasonable
risk/benefit sharing terms for specialty trades, which provides incentives to motivate collaborative
behaviors towards collective project outcomes. Researchers have argued providing incentives for
specialty trades is crucial because it can enable batfrkcisionrmaking to absorb tadievel
uncertainties and reduce the need for centralized governance to assign risk compensations
aftermath(Hall et al. 2022; Hunhevicz et al. 2022) summary of current statef-art research on

profit sharing mechanisms shown in Tablel.2.



Tablel1.2. Selected publications of stadé-art profit sharing mechanisms reseairclsonstruction

Reference Country Research Topic Research Type Limitations
. . CO”.”?‘.CF provisions of the_ shar_ed . Case study; The designs of detailed risk
(Xie and Liu responsibilities and their relationship wit : : .
USA : o ! . . Analytical reward sharing mechanisms
2017) financial incentives in Integrated Projec aobroach: Surve were missin
Delivery (IPD) projects P ’ y 9
A framework for multiparty relational Concentual Incentives and goal
contracting whereby the owner, contract P compensations that were nol
(El-adaway et al. : framework
USA suppliers, and manufacturers clearand/or agreed on early

2017) collaboratively work together under simil:

terms and conditions

Assessment framework for revenue risl

(Liu etal. 2017)  China sharing mechanisms in transportation
public-private partnerships

(Yao et al Optimal incentive contract determined b

2020b) ' China the saved time relative to the predetermil

deadline
Novel probabilistic cost estimation mode
integrating risk allocation and claibased
on bargaining game and Monte Cablased
probabilistic cost risk simulation

(Chen et al. 2020 China

An effective methodological framework fc
the probabilistic evaluation of the exces
profit allocation as well as the
corresponding subsidy mechanism.

(Jin et al. 2020) China

Analytical approact

Literature Review

(LR): Case study enough in the proposed

contractual framework
The developed framewoxkd

Conceptual not address explicit marginal
framework; Case benefit/risk analysis of
study alternative mechanisms to
allocate or share revenue ris}
, Multiplec ont r ac't
Framework;

involvement scenarios were ni
considered

Conceptual This research only optimized
framework;Case the negative uncertainty of
study probabilistic cost estimation

Some uncertain factors, such
the effort level or the service
quality are not explitdy
addressed in the profit risk
sharing model

Framework; Case
study




Table 1.2. (continued).

The optimum multiagent/multioutcome The relation between outcom
(Hosseinian et al. sharing model in incentiveontractswith a _ and agentso ef
2020) Iran risk-neutral owner and risaverse agents Framework; PoC to be linear in this studyvhich

(contractors, consultants) might not be practical

The developed model is base
on the implicit assumption tha

Swing option approach to allocate reven Framework; Case  the revenue information is

(Zhang et al. 2021) China risks in the Publi®rivatePartnership

roiects study symmetric to the public and
proJ private partnerswvhich might
not be true
Risk sharing strategies fdPD projects Conceptual H . .
: _ ow particippa
. based on project- framework; .
(Su et al. 2021) China : . making can affect others wer
making through game theory and Analytical :
. . ' not discussed
simulation approach; PoC
The uncertainty associated wit
Shapley value approach for conceptua Conceptual cost estimates were not
(Eissa et al. 2021b) Egypt profit allocation framework for framework; Case considered, the collaboration
construction joint ventures study parties needed to be further

generalizd

The model only considered

Profit distribution of IPD projects using Framework: Case three partie:

(Guo et al. 2021) China fuzzy alliance based on Shapley value «

the cooperative fuzzyv uame study Extending to other parties wa:
P yd needed
An optimum form of incentive contracts Concentual A linear relationship is
(Hosseinian et al. with multiple outcomes and multiple ager X . P
Iran . - o framework Case consi der ed &ndi
2021) using utility theory and principagent ,
study project outcomes

theory




Table 1.2. (continued).
The effect of loss avoidance

behavior andehavioral

Risk assessment model for optimal gair , ; : .

) L Framework; Case economic evaluation of the ris

pain share ratio in target cost contract fc . :

study propensity of the contracting
parties were not fully

considered

(Shehadeh et al.
Jordan
2022) . :
construction projects

A practical and effective risk sharing an
income distribution model to achieve wir Eramework: Case . The data of the proposed
(Wang et al. 2022) China win situation among different stakdters stud ’ model can only be obtained b
using bestvorst multicriteria decision y expert interview
making andShapley value

. The influence of effort level on profit
(Guo etal. 2022) - China distribution strategies in IPD projects

, This paper did not consider th
Framework; Case . o
influence of other participants
study - )
on the decisions of key partie




Blockchainenabled smart contracts can streamline Wk process that has great
potentials to facilitate reliable workflow executioockchain has been considered a disruptive
technology for the fourth industrial revolution (Industry My et al. 2022a)Currently, a
primary challenge hindering theployment of blockchain technology in the construction industry
pertains to its inability to interact with reaiorld data, thereby limiting the potential for the
automatic execution of smart contracts. Notably, no existing framework was found for maynessi
asbuilt images to activate smart contract automation. Essentially, blockishaicontinuously
growing record, called blocks that are linked and secured using cryptography proof instead of a
central authority(Nakamoto 2008)It is a decentralizeddistributed, shared, and immutable
database ledger that stores a registry of assets and transactions acrets pepeé¢P2P) network
(Khan and Salah 2017The smart contract is a set of computer codes defining the responsibility
and risks betweentwv or mor e parties, whi ch wo(vitalk by #Ai
2014) It operates in blockchain and can monitor external inputs from trusted sources to settle
predefined stipulations without a trusted third paBipckchain will benefit from incetivization
and contextualization to enable a Decentralized Autonomous OrganiZa#@) that can sef
manage, selbperate, and seddjust without centralized governance, which can facilitate various
management tasks.

Bl ockchai noés alesovéghnlean grihciplesaby enahting a more agile and
responsive organizational structure. Decentralization allows for a distributed network of decision
makers who can act autonomously and collaboratively, reducing the need for hierarchical
structuresand enabling faster decisionaking. A summary of current stataf-art research on
blockchain and smart contract applications in the construction industry is shédahbl@i.3. The

early blockchain investigations in the construction industry started in @dott et al. 2021;
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Zhang et al. 2023)emerging at an average annual growth rate of 18léckchain and smart
contracts have been investigated in the construction industry in different aspects, such as enabling
a transparent and traceable supply ch{diezel et al. 2021; Wang et al. 202@pocumenting
uniform BIM data(Xue and Lu 2020; Zhengt al. 2019) and automating progress payments
(Ahmadisheykhsarmast and Sonmez 2020; Elghaish et al..Z@20¢yaw et al. 2023pointed

out that trialability, relative advantage, competitive advantage, and compatibility of blockchain
enabled smartontracts are important predictors of the adoption of such contBlotkchain

shows great potential to share encrypted and authenticated data to estab(idhamist al. 2021;

Lu et al. 2021a)Therefore, project participants can follow a wagfined single source of truth to

track and monitor project performance. Furthermore, blocketraabled smart contracts can also
achieve workflow automation because once a condition is met, the contract is executed
immediately without the tedious paperwgmocessingDas et al. 2020; Wu et al. 2021Besides,
blockchairenabled smart contracts also facilitate communication and collaboration in
construction(Li et al. 2019; Tao et al. 2021Pespite the tremendous potential of blockchain
technology andsmart contracts, the current implementations are still in the nascent stage. The
current generation of blockchaamabled smart contracts are limited in their ability to deal with
unexpected situations that arise during construdgtitinet al. 2022a)and they fall short in their

ability to fully realize automation. These limitations have not been adequately addressed in the
context of the construction industry, and difficulties persist in integratingodf onchain events

and processing ofthain daa efficiently(Adel et al. 2022)The achievement of this goal remains

a significant challenge and requires further research and development efforts.
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Table1.3. Selected publications of stadé-art blockch&n and smart contract reseailahconstruction

Reference Country Research Topic Research Type Limitations
(Mason 2017) UK Business automation using smal Survey; Limited data samples for
contracts Discussion analysis
(Turk and Klinc 2017) Slovenia  BIM and blockchain integration PoC Incapability :Cic;esgore large BIM
Blockchain andRadicFrequency
(Lanko et al. 2018) Russia Identification RFID) in logistics PoC Lack of validation
management
(Li et al. 2019) UK Blockchainpotentials in built LR Lack of societechnical
' environment regulations
(Nawari and Ravindran 201¢  US Blockchain in BIM workflow LR Lack of quantitative data
(Singh and Ashuri 2019) us Blockchain |Btr;eagsr§tlon in design Cor:gzgﬁual Datainteroperability issues
(Mason 2019) UK BIM and smart contract integratio  Case study Lack response for a new
contractual model
(Xue and Lu 2020) China Blockchain and BIM integration ~ Framework;  Unsatisfactory comytation run
using semantic difference Case study time
(Das et al. 2020) China Secure Interim Payments Conceptual - Smart contract fails to respon
framework to the change
. . . Framework: Semraytomated process for
(Elghaish et al. 2020) UK IPD and blockchain integration Case stud linking BIM data and
y blockchain
. Blockchain and supply chain Framework; .
(Wang et al. 2020) China traceability Case study Lack of pilot study
(Yang et al. 2020) Australia Business process and informatio Framework;  Lack of governace model and
9 ' management Case study data interoperability method
_ o . Framework: The proposed framgwqu is
(Sheng et al. 2020) China Quality information management Case study only supported by limited
estimation
(Ahmascjés;]hn?élléhzsgzr(r)r;ast anc Turkey Paymenimanagement Fé:r:eegﬁgij Lack of usability testing
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Table 1.3. (continued).

(Lu et al. 2021a) China Supply chain management PoC
: Distributed Ledger Technology (DLT,
(L agg;l?ssem UK and smart contract applications in  LR; Discussion
construction
(Hunhevicz et al. switzerland Digital twin and performancbased PoC
2021a) smart contracts
(Hijazi et al. 2021) Australia BIM and blockgham integration in LR
supply chain management
Digital twin and blockchain integratior Framework;
(Lee etal. 2021) us in information management Case study
(Das et al. 2021) China BIM security LR
(Hamledari and US Blockchain in physical and financial ~Framework;
Fischer 2021a) supply chain management Case study
(Hamledari and uS Automatic progress payments Conceptual
Fischer 2021b) prog pay model
(Hamledari and US Integration ofblockchain and robotic ~ Framework;
Fischer 2021c) reality capture Case study
(Lu et al. 2021b) China Blockchain for government supervisic Cor?]gzgiual
(Elghaish et al. Blockchain andnternet of ThingsloT)
UK \ . LR
2021) integration
(Tezel et al. 2021) UK Supply chain management Dissch:LVses¥é)n
(Wu et al. 2021c) China Quality inspection Cor?]g((ajp;ual
(Erri Pradeep et al New Information management for design  Conceptual
2021) Zealand liability and security model

The framework is conceptual
The searching criteria were broa

Difficulty to define fair contract
logic
Lack of efficient data storage in
blockchain
Scalability,security, and
decentralization were not well
addressed
Lack of validation
Lack regulations ahsecurity and
suffer from crypto price volatility
Needs robust smart contract desi
and maintenance strategy
Lack standardized and formally
verified smart contract design
Lack of incentive mechanism an
validation

Lack of validation

Lack of reallife implementation

Lack of actual construction
validation
Laboratory environment and
simulated scenario were limited
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Tablel1.3. (continued).

(Tao et al. 2021)
(Wu et al. 2022b)

(Lu et al. 2022)

(Yoon and Pishdad
Bozorgi 2022)

(Wu et al. 2022a)

(Li et al. 2022)

(Groesen and
Pauwels 2022)

(Pan et al. 2022)
(Jeoung et al. 2022)

(Adel et al.2022)

(Mahmudnia et al.

2022)

China

China

China

us

China

China

Netherlands

China

Korea

Egypt

Iran

Blockchain andnterPlanetary File
System [PFS for BIM design
Information management famn-site
modular assembly

E-inspection during COVIEL9

Supply chan management

Blockchain in construction
challenges, and future trends

Blockchain and I01BIM integration

Compliance checking using
blockchain and QR codes

Equipment information manageme

Blockchainbased 10T for indoor
temperature control
Blockchainbased chatbot for
construction fii
Advantages and limitations of
blockchain application

Framework;
Case study
Conceptual
model
Framework;
Case study

LR

LR

Framework;
Casestudy

PoC

Conceptual
model
Framework;
Case study
Framework;
Case study

LR

Technical difficulties might lead
to extra management efforts

Manual input to the blockchain

Lack of integration to existing
contractual requirements
Lack of case study to evaluate

impacts

The review scope was limited

Lack of consideration of risks an
uncertainties from practice
The developed application was
limited in functionality

Need more datasets to test

Thermal comfort of the occupan
group was not considered
Raw and duplicated data input t
the blockchain
Lack of professional training,
regulatory and trust
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1.2. Research Questions

The construction industry is characterized by dynamic and complex environments due to
various uncertainties and risks that arise from subcontractor vari@tongll and BallardL994;
Russell et al. 2014; Wong et al. 20a8) project constraint§Javanmardi et al. 2020; Koskela
2000) Understanding the interrelated and interdependent relationships among different constraints
is crucial to identifying bottleneck operations apdoritizing resource allocations. Notably,
frontline specialty trades bear the direct responsibility for removing constraints, and they cannot
effectively address these constraints without a comprehensive understanding of their nature.
Discrete event sintation (DES) is a process that codifies the behavior of a complex system as an
ordered sequence of waléfined, discrete events, including activity scanning, event scheduling,
and process interactigMcgregor and Cain 2004Kang et al. 2015)DES fas proven to be an
effective approach in absorbing complex interactions and uncertainties in construction operations
(Abbasi et al. 2020)Despite its potential benefits, there are several difficulties in quantifying the
interactive relationships of défent constraints using DES. First, construction projects typically
involve numerous variables and factors, which can make it challenging to identify the most
significant constraints and their interactive effects. Second, the nature of constructiors igoject
inherently unpredictable, and there may be a significant amount of variability in the behavior of
subcontractors and other stakeholders. In addition, DES requires prior knowledge and expertise,
which may not always be available in construction prajghagement teams. Previous research
has not fully considered the wuse of DES to
investigate their interactive effects on project outcomes. This represents a significant gap in the
literature, as understamdj the interactive effects of different constraints is essential to achieving

a predictable workflow. Overcoming these challenges and incorporating DES into construction
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project management can provide valuable insights into the behavior of complex systéms
improve cognitive situational awareness at the task level and help develop effective strategies to
mitigate risks and uncertainties. Therefore, the first research question is:

How to quantify the impacts of project constraints arising from variationspiecialty
trades on project outcomes?

Current projects have traditionally relied on a centralized layer for project management and
control, while each specialty tradeb6s operat:.
distributed laye(Kim and Ballard 2010; Kim and Rhee 202B)the distributed layer, interactions
between specialty trades are primarily influenced by their contractual relatio(sbgasd et al.

2020) However, hierarchical authority or contractual terms have been found to be insufficient in
ensuring reliable alaboration or reducing opportunistic behavi@renisz et al. 2012)This is

due to tasKevel specialty trades coming from different parties with varying professional
backgrounds, all of whom seek to maximize their individual benefits without nebessar
considering the effects on other spedqSackd ty tr
and Harel 2006; Sun et al. 2016; Walker 20&)me researchers have suggested that a relational
contract based on norms of obligation and reciproeityenhance collaborative behaviors among
rational participant¢Bradach and Eccles 1989; Lahdenpera 2012; Rahman and Kumaraswamy
2002, 2004) Such contracts require sharing reasonable profits or risks that can steer specialty
trades behaviors towards ual contributions. This is crucial because incentives can motivate
project stakeholders to continuously contribute to the networks despite adversarial environments
attempting to disrupt the projeqt¢oshmgir and Kalinov 2017)As a result, specialty trad can
engage in bottorup decisioAmaking to absorb tadkvel uncertainties and reduce the need for

centralized governance in overall project control. However, the precise formulation of fair-benefit
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sharing rules remains elusive due to the inherent ity and uncertainty of project contexts,
which i mpedes the efficiency in shaping spec
second research question focused on:

How to fairly distribute rewards and penalties when specialty tradespesaiorm at a
different reliability level?

The fourth industrial revolution (Industry 4.0) has propelled blockchain technology to the
forefront as a disruptive innovation that promises to revolutionize various sectors. As businesses
continue to seek ways &ecure and authenticate data, provenance has emerged as the primary
driver of blockchain adoptioPwC 2020) Secur e i nformation exchang
most significant use case, is critical to enhancing trust, privacy, and security in dagemant
(Deloitte 2021) In this context, smart contracts offer a reliable mechanism for automating
management stipulations in a decentralized environment without centralized governance.
However, despite the significant potential of smart contractsiraiiog their executions remains
a daunting challenge, with most studies remaining theoretical and lacking empirical validation
(Shojaei et al. 2020; Tao et al. 2020ne of the fundamental obstacles to the broad adoption of
blockchainenabled smart coracts is the oracle problem, which arises from their inherent inability
to interact with external data and systems beyond their native blockchain environment. Oracles,
middleware agents that can capture and represent the physical state of building fodip the
key to bridging the gap between smart contracts and external data and systactqLu et al.
2021a) Successful smart contract execution relies on the reliable synthesisibéionrand off
chain data. With the increasing availabilitysefmantically rich abuilt progress data, facilitated
by reality capture technologies, machine learning, and building information models, there is a

unique opportunity to bridge the communication gap between blockchains anlifereal
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construction processéisrough the automatic assessment of thbualé data. By leveraging deep
learning algorithms, these data can be automatically evaluated and interpreted to extract valuable
information and knowledge to support smart contract decisiaking. Nonethelesshis research

area is still largely uncharted territory, presenting exciting prospects for future research and
developmentAccordingly, the third research question can be elaborated as follows:

How to integrate semantically rich dmuilt images tautomate smart contract executions?

The investigation of the research questions presented herein has the potential to pave the
way for an automated decentralized construction management system. Firstly, incentives can serve
as a motivating factor for diffent specialty trades to coordinate and communicate with each other,
leading to optimized project outcomes and decreased need for centralized inspection. This
incentivization scheme guides the specialty trades to act as autonomous agents and contribute
collectively to project value generation, enabling to promptly absorb dynamic uncertainties.
Secondly, by addressing talgkel constraints through visualization and quantification, specialty
trades can potentially gain situational awareness to overcomenaatts and execute workflows
more reliably and continuously. Additionally, constraint removal strategies can be incorporated
into smart contracts to ensure that responsible parties adhere to compliance rules, providing a more
dependable and consistent agaurh to enforcing performance standards. Thirdly, the automated
assessment of the physical state of building objects enables a timely feedback system from the real
world to smart contracts. The methods eliminate the centralized subjective evaluatioriaand da
input, guaranteeing a single point of truth that governs the contract executions, facilitating a
closedloop decentralized management system that eliminates the need for centralized managers'
involvement. Ultimately, addressing these research questasmshe potential to transform the

construction industry by reshaping hierarchical structures frorda@am centralized management
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to bottomup decentralized management, resulting in increased efficiency, reduced costs, and
reliable workflow execution. Caralized management employs push control where decisions are
made by project managers, whereas decentralized managers can switch to pull control by
delegating decisicmaking power to specialized trades teams or individuals.

Centralized Decentralized Distributed
(Push control by managers) (Pull control by trades) (Pull control by individuals)

/ & \ Specialty trade 1\ Degree of centralization
E |
- ﬂ-’orkcr 1 . \

o—s & ‘< ‘g“’j“" manager
anW

Decision-makjng
é‘v

forker 2 Y
\ Decision-making /

Figurel.2. Organizational structure of construction management foréask activities

1.3.Research Objectives

The goal of this study is to foster contextualizatimentivization,and digitalization to
enhance taslevel task manageemt, which will result in a decentralized and collaborative
working environment with minimum management intervention, thus enabling the realization of
production efficiency. Centralized project managers play a vital role in analyzing deficiencies and
providing feedback to make informed decisions. However, current construction payments are not
enforced until project completion, resulting in unfairn@sset al. 2023) The complexity of the
construction process, with numerous uncertainties, makes itutliffec define responsibility and
risk response eante(Hunhevicz et al. 2021aWhile previous studies have been undertaken to

reduce process variatiofBallard 2000; Wambeke et al. 201&)d to develop digital solutions
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that eliminate constraints in the maleady procesgSacks et al. 2009, 2013ittle research has
successfully quantified the impacts of constraints on overall project outcomes and understood
resource prioritization(He et al. 2022b, 2023jor constraint removal. Identifying fair
compensatios for involved parties is challenging, leading to disputes and ultimately negative
impacts on construction stakeholders. The process of obtaining, interpreting, planning, iagd mak
decisions is fragmented, and different software, platforms, and algorithms lack integration.
Automating compliance checks and executing optimal strategies without centralized human
involvement remains a distant reality. Therefore, nine objectivesdeéireed to fulfill the primary

objective and answer the research questions, as illusiafece1.3.

Objectives Research Questions

e 1

! Chapter 2 | . )

\ [ 1. Work plan reliability & Project performance ] | RQ1. How to quantify the impacts of

! | . . .. ..
roject constraints arising from variations

: [ 2. Blockchain & Smart contract establishment ] : p. L . g.

! ! in specialty trades on project outcomes?

! [ 3. On-site images for verification ] !

,_

' Chapter 3 |
I I . . .
| [ 4. Marginal contributions quantification ] | RQ2. H_OW to fairly d¥str1bute rewards
! : : : ! and penalties when specialty trades can
! [ 5. Incentive-penalty sharing using Shapley value ] ! perform at a different reliability level?
i [ 6. Blockchain for enforce rule executions ] i
e e e e e e e e e e e e e e e e e |
bl
' Chapter 4 | .
: , P : RQ3. How to leverage semantically
| [ 7. Image-based deep learning model I . .
| ! rich as-built images to automate smart
i [ 8. Prerequisite delay & Risk mitigation strategies ] ! contract executions?
I
i [ 9. Decentralized application for synchronization ] !
|

Figurel.3. Research objectives
1. Understand the relationships between part

performance to motivate reliable completion.
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In construction projects, an unreliable work plan causes unstableloverkihich often

results in task completion dekysystem throughput decrease, and waste increase.
Investingin a higher work plan reliability can effectively remove constraints in time to
motivate reliable task completigAbbasianHosseini et al. 20184amzeh et al. 20157
simulation system is effective modelingdifferent project constraints while also defining
various levels of variations for specialties. This approach enables individuals to
comprehend the rel ati ons Iplanpreliabilite dndvpragect p ar t
performanceex-ante Therefore,project managers can develeffective management
strategies to support reliable task completionsunambiguously Ultimately, the
development of such a system can significantly enhance theegffycand effectiveness

of constructiordecisionmaking yielding a better project outcome

. Establisha blockchain platform to enforce the smart contract rules execution.

Despite the widespread interest in blockchain technology, the industry continues to face a
significant gap in the practical application of this technology, particularly in the context of
smart contract deployment. In light of this, the objective is tobéstaa minimum
workflow that can ensure the construction of a blockchain network withgnalinded
functionality. The proposed workflow comprises several essential components, including
the creation of a private blockchain network, the initiation of aetsy) the programming

of smart contracts, the deployment of these contracts to the targeted blockchain, and their
subsequent execution. Of equal importance, the study emphasizes the critical role of
specialty trades, who will leverage a digital wallet watlinique digital identification to

interact with blockchain information and other blockchain nodes.

21



3.

Integrate omsite images as external oracles for progress tracking and smart contract
verification.

The accessibility of abuilt images presents an oppority to obtain critical information

for benchmarking project progress andpasformed status. However, the current
limitations of blockchain technology, which cannot store large file data, means that smart
contract executions must rely on manual infarorainput. To address this challenge, this
research objective seeks to harness the value -duiisimages as an accurate
representation of the g@rformed status for project verification. To achieve this, an1PFS
based filesharing approach is deploy&al convert the image to a unique hash string and
store it in a distributed way for smart contract verification and validation. This approach
ensures that different stakeholders can access a single point of truth from the blockchain
for decentralized prog supervision. Furthermore, a useendly tool has been developed

to facilitate seamless image data upload and storage, allowing for swift and efficient
verification of project progress.

Quantify subcontractofsmarginal contributions to the project ibugh a simulation
model.

The reality of construction management reveals a complex and interrelated network of
constraints that cannot be viewed in isolation. In practice, successful project delivery
depends on reliable work release from upstream to dosamstspecialty trades, which
makes it challenging to write a binding contract that accounts for all the variables involved.
To address this issue, this objective introduces a sophisticated approach that classifies each
constraint into three different vabiity levels, with each level representing a distinct level

of impact on project outcomes. By using permutation and combination in simulation, 27
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different scenarios are generated that represent various specialty contractors working in
coalition, ratherhan individually, to address responsible constraints. The resulting model
can identify the marginal contributions of each specialty in terms of project costs when
working together, providing a more comprehensive understanding of the interdependent
nature @ constraints in construction projects. This approach highlights the importance of
collaborative teamwork and coordination in bottapmconstruction management.

. Establish fair incentivgenalty sharing stipulations for subcontractors using Shapley
value umder multiparty collaborative scenarios.

In construction management, the issue of delayed completion is a common problem that
can lead to significant financial losses and damage to the reputation of the parties involved.
One of the main challenges in adsBig this issue is the difficulty of motivating reliable
project delivery and patching damagespest. Therefore, it is critical to establish fair and
reasonable risk/benefit sharing terms in contractarg& to ensure fairness and guide
responsible paies to make collective efforts. This objective seeks to derive a fair reward
penalty sharing framework that considers the marginal contributions of each specialty
using the Shapley value, a cooperative game theory model. By analyzing theftsade
betwee investing in higher reliability and reward/penalty sharing, this approach provides
insights into the incentives for reliable collaboration and can guide the development of
more effective contract structures. Ultimately, this can help to mitigate tiseasskciated
uncertainties between haiodffs and promote decentralized decisioaking in the
construction industry.

. Develop the smart contract and a blockchain network to monitor, track, enforce, automate

and record the project executions.
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Developing a sm@rt contract and a blockchain network can revolutionize the construction
industry by providing a reliable, secure, and transparent means to monitor, track, enforce,
automate and record project executions. To achieve this, it is critical to align incentives
with the functions of the smart contracts, which can effectively bind different specialties
by specifying inputs, outputs, data flow logic, and deployment environments. The success
of decentralized executions of smart contracts relies on the accuraeffiaiethicy of the
contract functions presented in the network. Thus, this objective goes beyond mere
functionality and establishes a safe and deterministic environment for local simulation of
di fferent nodesd interact i ohegmplenmentation bfl oc k ¢ |
various contract testing, compiling, and migrating procedures, a comprehensive approach
is taken to identify the optimal configurable build pipeline that can seamlessly transfer
humanreadable contract documentation to macterecutale codes. This rigorous and
meticulous approach is crucial to ensure the integrity and security of the smart contract
ecosystem while enhancing the transparency and accountability of the construction
management process.

Leverage imagdased deep learningadels to present images and classification labels in
the blockchain.

Although objective 3 addressed the challenge of efficiently storimyidtsimage data, it
remains that the final decisions are often dependent on the project manager's subjective
interpretation, resulting in a centralized decisimaking process. The data captured
through asbuilt images, in itself, does not hold much significance unless it is processed
and valuable information is extracted to aid in decismaking. This objective endears

to bridge this gap by leveraging deep learning techniques to classify-th@tasmages
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into different categories. The resulting classification label is then stored on the blockchain
for audit purposes, thereby reducing the need for centralizedialesiaking and
facilitating event synchronization both -oand offchain. The integration of Bayesian
network helps to eliminate any unreliable classification outcomes, ensuring the accuracy
and reliability of the model. The successful implementatiormisfdbjective significantly
enhances the transparency and accountability of the construction management process
while minimizing the risk of biased decisionaking.

. Elaborate potential delays and identify optimal mitigation stipulations through a
simulatian model.

The management of prerequisite work delays represents a crucial challenge for
construction projects. To address this issue, it is essential to increasestteeveorkforce

through measures such as longer work hours or adding more lafhtmarset al. 2008)
However, these actions come with associated costs, making it necessary to identify optimal
action items that streamline downstream performance and mitigate risk impacts. This
objective aims to address this issue by leveraging automatjcgssotracking to capture

di fferent |l evel s of-idel agemadi annaigzisnguh
identify the most effective mitigation strategies. By usingRbe&urn oninvestment (ROI)

and the Gaussian Mixture Model to analyze the tafte between different mitigation
strategies, this objective provides a comprehensive approach to mitigate delays and achieve
schedule compression. The results can potentially enabletamated Plaibo-Check

Act (PDCA) system that can identify bottleneck activities and enfarsen-Time (JIT)

interventions, streamlining workflow and minimizing interruptions to the construction

25



process. This approach highlights the importance of stcapggnning and datdriven
decisionmaking in construction management to ensure project success.

Implement aDecentralizedApplication (dApp) to synchronize detection results and
automate smart contract executions.

The integration of smart contract automation and synchronization into a single platform is
essential to enable a more efficient and transparent construction management process.
DApps represent a promising solution that combines a smart contract backeadagr
friendly frontend to facilitate easy access to uniform project performance data. To achieve
this goal, this objective focused on the development of a dApp using web3.js. The dApp
allows for seamless interactions between local or remote Etheredes neing HTTP or

other web technologies, providing construction stakeholders with a convenient and
intuitive interface for accessing and analyzing project data. This integration not only
streamlines communication and coordination between stakeholderaldouthelps to
overcome technical barriers and knowledge gaps, promoting greater collaboration and
efficiency in construction management. By enabling-tiea¢ monitoring and reporting of
project performance, the dApp represents a significant step towehisviag more
effective and reliable construction project delivery and represent the disruptive way of
building future software applications.

Realizing the above objectives can empower a decision support system to facilitate

automatic and decentralized pess management. The construction industry, by its very nature, is

complex and dynamic, with numerous interacting variables that are often hard to manage.

Automating construction processes using blockcleaiabled smart contracts is an ambitious goal

thatrequires the integration of advanced technologies and the collaborative behaviors of multiple
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stakeholders. This research has demonstrated that while human intervention is essential in
providing decision support ingendadddgiitralt lee vt e
implementation cycle can gradually lead to an automatic system without human involvement. By
diagnosing and prognosing uncertainties, the research has provided a solid foundation for enabling
situation awareness in takkvel task performance, while the fair reward/penadtyaring
mechanism aims to guide specialty trades to autonomously join to make collective contributions
to selfmanage, selbperate, and seHdjust even under adverse conditions. The developed
blockchainrempowersmart contracts have the potential to transform traditional organizational
structures in the construction industry, by enabling the formation of a DAO. In traditional
organizations, all agents are required to have an employment contract that clearly tiheiine

roles and responsibilities, with salaries serving as the primary incentives, ambwop
coordination and enforcement mechanisms being essential for successful management processes.
DAO is an innovative organizational structure that is not govklogea central authority, but rather

by a set of rules encoded in smart contracts on a blockchain. The use of smart contracts to establish
a contract consensus and incentivize stakeholders can facilitate fgteeffcoordination and
selfgovernance, whe the integration of reakorld data, algorithms, and software can provide
automated solutions for verification and decisinaking. By implementing a DAO, construction
professionals can potentially realize a more efficient and equitable project managgstem

that is less susceptible to human errors and biases. This approach has the potential to revolutionize
the construction industry by promoting transparency, accountability, and collaboration among
stakeholders, ultimately resulting in better promaicomes and increased trust in the construction

process. The research outcomes can serve as the basis for a more comprehensive information
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management system that can help construction professionals optimize their operations, reduce

costs, and enhance theverall efficiency.
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Figurel.4. Comparison of traditional organization and DAO

1.4.Research Scope

This research will focus on planning and controlling production using blockchain and smart
contracttechnologies to minimize the uncertainty and interdependencies that interrupt the smooth
flow of work in projects. According to tH&oskela 1999production theory, there are seven types
of preconditions to enable construction transformations of flang they arelesign and working
method, components and materials, laborers, equipment and tools, space, prerequisite work, and
external conditionsValues can only be created if none of the seven flows stops. Specifically, the
scope of this research withéus on the flow ofomponents and materials, laborers, equipment and
tools, and prerequisite worduring the construction phase from the point of view of building
commissioning. In addition, this research elaborates on how to use blockchain and smaatiscont
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to facilitate tasKevel construction coordination from the perspective of the PDCA cycle. A
summarized research scope is showhahlel1.4.

Tablel.4. Research scope

PRE-DESIGN DESIGN CONSTRUCTION BUILDING
PHASE PHASE PHASE START-UP

PEOPLE

INFORMATION

EQUIPMENT

MATERIAL

PRIOR WORK

SAFE SPACE

EXTERNAL
CONDITIONS

The case study presented in Chapter 2 and Chapter 3 illustrated a real construction project
using modular construction techniques. The main involved participants were material pre
fabricators, craneperatorsand installation workers. Upgam and downstream coordination was
also discussed in these two chapters. The case study presented in Chapter 4 exhibiesgea high
residential building using a repetitive floor design method, where every floor had the same critical
path activities. Cfferent levels of prior work released were demonstrated to identify the bottleneck
activity for project success. Blockchain and smart contracts exert influence in both case studies in
visualizing the planning, doing, checking information transparently,esfiorcing the optimal
action items to motivate collaborations and realize a reliable workflow automatically. The research
on enabling an automated and reliable workflow is focused on typical building projects because of

their universality and generalizdiby.
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1.5.Research Framework

The research outline is shownkigurel.5. Three research questions were proposed and
nine objectives were identified. Three case studies were performed using 4vendgiroject to
cultivate and motivate tadkvel reliable projet delivery using blockchaienabled smart
contracts. The case study method reflects thewedt construction questions and the empirical
data can approximate the facts of the-gaild performance.

The simulation approach was developed to determan®ws possible scenarios when
different constraints existed at different variability levels. The simulation model provided a
guantification method to benchmark tolerance intervals for different constraints. Next, to
overcome the technical barriers for thdustry in smart contract adoptions, a minimum workflow
was identified to form the smart contract and deploy it in the target blockchain, including
transforming humaiwinderstandable consensus to maclexecutable codes, interacting with
decentralized maes, and testing framework reliability. The process involves each specialty
responsible for the related constraint as a digital agent in the decentralized network to simulate the
realworld blockchain implementation. An IPH#sed distributed filsharing method was
integrated to enable largeze file storage in the blockchain for better validation and verification.
To further motivate decentralization and collaboration for -tegkl tasks, interactive and
interrelated scenarios for material, equipmemgd avorker specialties were simulated by
combining and permutating various reliability levels. Then, the Shapley value approach was
leveraged to determine the rewards and penalties for each specialty under different situations.
Shapley value will be a godi to align incentives because it determines how to share the benefits

fairly and efficiently under weltefined objectives by competing or collaborating with other
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players. It can visualize the marginal contributions of each specialty, and reward by pena
amounts have incentives to push higher reliability with collaborative consciousness

To abridge the disconnection of blockchain events andvedtl events, the asuilt image
and productivity were collected in the second -eaild case. A deemeural network was
developed to classify different -asilt images into different construction progress. The
classification was further optimized using the Bayesian network, where-timeatonstruction
schedule served as prior knowledge for the clasgitin problem. Next, a simulation model was
deployed to generate all possible delay scenarios on the critical path to accommodate various real
world progress scenarios and derive mitigation strategies when facing prerequisite work delays. A
Gaussian mixtte model was used to prognose and diagnose possible risks and yield optimal risk
response strategies. Lastly, the research culminated with-beeda®l decentralized application
development, where the interpreted seakld results will be fed into the smatcbntract and
activate the optimal smart contract executions. Meanwhile, theilismage, interpreted results
by deep neural networks, and executed transactions will be synchronized and recorded in the
blockchain automatically.

The validation of the remrch framework was accomplished through the utilization of three
distinct case studies. A modeling and simulation approach was devised to generaéalnear
scenarios utilizing empirical data. Furthermore, detailed statistical analyses were performed to
ensure the generalizability and representativeness of the results derived from the simulation and
related assumptions. Additionallyiockchainrbased software was developed to test smart contract

execution scenarios and assess the effectiveness of thesgadpamework.
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On-Chain Rule Development (Ch. 2 & 3)

o Residential building with modular construction technique
o Delivery data, installation productivity data
o Reliability levels for prefabricator, crane, and worker

o Uncertain construction environments with different types of constraints
o Lack of collaboration because of fragmented and centralized industry
o Blockchain is a disruptive technology for Industry 4.0

4

Research Questions Statement (Ch. 1)

Research Background and Needs

Step 1

o Dynamic constraint quantifications?
o Fair risk/reward sharing consensus?
o Off- and on-chain event synchronization?

Simulation of the Dynamics between Delivery and On-Site Installation
Cooperative Game Theory

Blockchain and Smart Contract Application in Construction
Blockchain Oracles and Image-Based Progress Tracking

|
\J

Literature Review (Ch. 2 & 3 & 4)

(=3« =]

Off-Chain Information Processing (Ch. 4)

High-rise residential building
Standardized floor plans

Repetitive activities for specialty trades
As-built images for each task

Qo 0o

v

p 4a Contextualization (Ch. 2)

Material, equipment, worker interactions
Simulation to quantify constraints” impacts

IPFS-based distributed file sharing

\
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Incentivization (Ch. 3)

© 27 collaborative scenarios s}

Digitalization (Ch. 4)

Deep learning for as-image classification
Prior work delay risk diagnosis and prognosis
Web3-based dApp for information
synchronization and automation

J/

©  Shapley value-based reward/penalty sharing o
o Decentralized decision-making and o
collaboration

Y

Validation (Ch. 2 & 3 & 4)
Case studies using real projects

Modeling and simulation

Statistical analysis

Software development and testing

!

Results & Findings (Ch. 2 & 3 & 4)

o000

Exhausting all the possible scenarios, handling constraint-related uncertainties
Determining fair reward/penalty amounts, motivating decentralized
collaborations

Self-enforcing corresponding payments, guaranteeing commitments fulfillments
Recording transactions, enabling transparent information sharing

Identifying as-built status, essential to sense real-world performance

Diagnosing and prognosing potential risks, essential to intervene just-in-time
Synchronizing off- and hain events, essential to automate smart contract

executions

Conclusion (Ch. §)

o Flexibilities to handle dynamic and complicated construction scenarios
o Motivations at process-level to realize decentralized and collaborative decision-making
o Integration of on- and off-chain events to automate project executions

Figurel.5. Research framework
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With the aboveliscussed procedures, the research can also establish and enable a
decentralized PDCA cycle shownkigurel.6. Blockchainenabled smart contracts took a role in
streamlining the PDCA process by integrating human intelligence, technologies, and analytical
methods for taskevel coordination. In the Plan stage, strategies mainly focus on combining and
permutating all possible scenarios to enable a makey process for subsequent activity
executions. This stage will analyze productivity, quantify and visualize constructionatotsstr
establish a simulation model, and initiate a smart contract to motivate reliable commitments for
different stakeholders. In the Do stage, the specialties might perform at their own variabilities
based on their customized needs. Meanwhile, becaube afcentive consensus and transparent
verification mechanisms, the specialties will potentially negotiate with each other to achieve the
common goal, enabling decentralized pull scheduling without central control. In the Check stage,
different technologs integrated with blockcha®nabled smart contracts can readily fetchuaift
data to reflect the gserformed situations. The captured data are extracted and interpreted using
machine learning algorithms and artificial intelligence to check contraptipliance and
benchmark deviations automatically. Blockchain provides transparent and automatic
documentation so that project information is collectively stored for future business development.
In the Act stage, project stakeholders can communicate undodrtrustworthy data from the
blockchain to enable learning. Smart contracts will prioritize resource allocation and enforce risk
response with automatic reward/penalty to motivate -ogete reliable commitments.
Epistemologically, new knowledge will lgenerated by comparing monitored data against the
designed and planned. This is embodied by modeling, simulation, and analysis to facilitate learning

because predicted outcomes can be compared with actual outcomes in the PDCA cycle.
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Figurel.6. Decentralized PDCA
1.6. Dissertation Structure

The research presented in this dissertation is organized into chapters by key topics. The
detailed organization is as follows.

Chapter 2 presents a case study to investigate different constraints impact project
overall performance, to derive situatiawareness smart contracts, and to integrate distributed
file-sharing systems for project supervision and smart contract verification. This chapter aims to
address researclbjectives 13, which aims to enhance situation awaren€sspter 2 is published

in the Canadian Journal of Civil Engineerif@@hen et al. 2022)
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Chapter 3 extends the case study in Chapter 2 and develops novel methods to quantify the
marginalcontributions for each specialty when working in coalitions, to derive fair risk/reward
sharing stipulations under uncertainties, and to motivate collaborations with decentralized
decisionmaking in smart contract networks. This chapter aims to addresscbobjectives-8,
which aims to develop collaboration mechanis@isapter 3 waaccepted byhe ASCE Journal
of Management in Engineerirf@hen et al. 2023bY he first two case studies focused on internal
collaboration rules development foonstruction organizations.

Chapter 4 builds upon the case study in Chapter 2 and Chapter 3 and levetagks as
images to automatically process and extract progress information-ofaddlevents, to prognose
and diagnose potential risks and optimatigmations based on captured progress, and to enable
smart contract automation by synchronizing afid onachain events. This chapter aims to address
research objectives9, which aims to realize data synchronizati@mapter 4 is published in the
ASCE durnal of Management in Engineeri@hen et al. 2023c)he third case study focused
on external compliance checks for validating rule executions. The ultimate goal is to decentralize
construction managemerEhapters 21 are selcontained with introdctions, literature review,

methodology, results and analysis, and conclusions sections.
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Figurel.7. Case study overview
Chapter 5 summarizes the research findings, contributidmsjtations, and

recommendations for future study of this research.
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CHAPTER 2 KNOWING WHAT IS GOING ON 1 A SMART CONTRACT

FOR MODULAR CONSTRUCTION

Gongfan Cheh Huaming L#, Min Liu®, Simon M. Hsianfy and Ashtad Jarvamardi
1Ph.D. Candiate, Dept. of Civil, Construction, and Environmental Engineering, North Carolina
State Univ., Raleigh, NC 27695
2" Project Manager, China Jingye Construction Engineering(S) Pte Ltd., Singapore 658065
(corresponding author).
3Professor, Dept. aCivil and Environmental Engineering, Syracuse Univ., Syracuse, NY
13244; Adjunct Professor, School of Civil Engineering, Qingdao Univ. of Technology, Qingdao,
Shandong 266033, China
4 Professor and Department Chair, Dept. of Systems Engineering and éirgindanagement,
Univ. of North Carolina at Charlotte, Charlotte, NC 28223
®Principal Data Scientist, FDH Infrastructure Services, Raleigh, NC 27616
2.1. Abstract

This research aims to develop an automatic incergimealty enforcement system for
modular construction. Smart contract rules were developed for a project of 120 prefabricated bath
units. The results show that the smart contract can automatically erdaaels and penalties for
all 19 scenarios. The findings can help project managers detect and reject any inappropriate or
malicious operations deviated from predefined rules efficiently. The results show that if the
Prefabricated Bathroom UnitPBU) fabricator can perform at the highest reliability level
following the smart contract rules, the project can save 4.7% overall cost compared with the

benchmark scenario. The findings will be beneficial to modular construction project by ensuring
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efficient monitomg, motivating reliable performance, and improving productivity and project
documentation.
2.2.Introduction

In many construction projects, the modular construction approach is used to save time and
cost, reduce safety risks, improve quality, and reduce wasid 2015)Modular construction
can be described as a composite construction of parts produced in factories for instalsiten on
(Wong et al. 2017)Prefabricated construction components are produced-siteffactories and
then shipped to the construction site, hoisted, and installed, in order to imprsie imistallation
efficiency. However, the success of modular construction requires addigffort in the form of
coordination among multiple participants, such as designers, suppliers, prefabricators, and
contractors. When seeking to achieve a high level of productivity in modular construction,
construction site managers face three constaaltenges: how to develop reward and penalty rules
to motivate reliable work plan completion, how to enforce the rule execution timely and
transparently, and how to utilize visual data to help managers to automatically monitor the
performance. Because gress tracking is done in the exaranging environments of job sites,
obtaining accurate records is both time consuming and difficult. In current construction practices,
rewards for ortime performance and penalties for delayed completion are usualgnfarted
until a project is either completed or near completion, making it difficult to encourage adherence
to the schedule and work plan during the project. It is also time consuming to pinpoint and quantify
the cause and scope of delays retrospectively.

Accordingly, project managers need a tool to improve productivity and enforce reliable
performance in modular construction. Blockchain and smart contracts are rising technologies that

can be used to solve problems within the construction industry dueabikdy to create, verify,
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and audit contract obligations in real time between companies, without the need fqathyrd

authenticatior(Li et al. 2019) Blockchain is a globally consistent, decentralized, and distributed

database formed of a growirigt (i.e., chain) of records (i.e., blocks) that are secured using

cryptographic proofAhmadisheykhsarmast and Sonmez 20Ech block contains a timestamp,

the unique hash value of the previous block, a nonce, and transactions. The main bersafigs of

blockchain technology are providing transparency, traceability, immutability, and decentralization

in the systenfLu et al. 2021a; Venkatesh et al. 20200 A s mart contract <can

enforcing, monitoring external inputs from trustedisr ces t o settl e accor di

st i pul(Reters and Bapayi 2015) Smart contracts work on an i

benefits of using smart contract are enabling trackinghain or cros€hain data changes and

off-chain datasources in real time and automatically executing contract clauses, resulting in

savings in transaction fees and administrative costs, and expediting the transaction process

(Fanning and Centers 2016; Uriarte et al. 20@@nventionally, a smart contracan outline a

projectbs detailed steps chronologically. A c

determined, and the entire projectos -basedhds ar

wallet (Elghaish et al. 202@Ahmadisheykhsarmast and Sonmez 2(28inledari and Fischer

2021a) Once the completion status is detected, the funds are paid to the corresponding parties

from the project wallet, and the unique execution records are documented in the blockchain.
However, there is currently a lack of research into how to instantly track progress and

integrate reatime inspection results with a motiving mechanism to encourage reliable delivery

and installation for modular construction projects. Therefore, the objecfuhis research are to

1) understand the relationships between parti

and establish smart contract rules to motivate reliable completion; 2) establish blockchain platform
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to enforce the smart contratties execution; and 3) integrate-site images as external oracles
for progress tracking and smart contract verification.

This research features a residential kigle project in Singapore as a case study. Within
this project, prefabricated bathroomits (PBUs) were ordered from overseas and installed on
site. The research established a STROBOSGCGRhaded computer simulation model to study
productivity performance under different delivery and installation scenarios. Smart contracts and
a blockchain pldorm were built to facilitate and motivate the reliable performance of each
participant. Last, a blockchain oracle was constructed to explore the use of construction images
for monitoring subcontractorsd per faoguidehece. T
and provide insights to help other scholars or practitioners design a situationally aware smart
contract so that it is more plausible to adopt this technology and handle complicated construction
dynamics.The developed method is not limitedinoplementation in modular construction. With
appropriate adjustments of simulation and smart contract rules for particular project needs, the
method can be applied to other types of construction project as well.

2.3. Literature Review

2.3.1.Simulation of the Dynamgbetween Delivery and Ggite Installation

DESis the process of codifying the behavior of a complex system as an ordered sequence
of well-defined, discrete events (i.e., activity scanning, event scheduling, and process interaction)
(Kang et al. 2015; Maggor and Cain 2004Jt has been widely used as an effective approach to
better absorb complex interactions and uncertainties in construction opefatibesi et al.
2020) DES can be used to investigate the characteristics of varidBibtyasianHosseini et al.
2018)and optimum tradeff (Hajifathalian et al. 2016)n order to evaluate the effectiveness of a

control policy and deal with unexpected variability priorits implementation in a real project
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(Han and Park 2011For example(Bamana et al. 2013nd(Goh and Goh 201%onstructed a
simulation model to assess the impacts of projects with and withodeli/eries. Their results
revealed a reductioin cycle time and improvements in labour productivity when implementing
JIT deliveries(Liu et al. 2020used DES to evaluate various supply chain configurations and their
impacts on the overall project, and the results indicated the importance @i sthain
configurations and of having multiple suppliers to boost manufacturing efficiency and consistency.
The work of(Jung et al. 2018evealed that construction and material supply processes should be
viewed as one system and thatsite storages a good choice for contr
capabilities are uncertain.

DES is an effective method to employ when studying the dynamics of and coordination
between delivery and esite installation, if empirical data is available. The simulation te$ai
each participantdés performance and the over al

can provide a good foundation for smart contract rule development.

2.3.2.Blockchain and Smart Contracts

Blockchain technology provides a globally consistatgcentralized, and distributed
database that is formed of a growing list (i.e., chain) of records (i.e., blocks) that are secured using
cryptographic proof instead of a central authof@hmadisheykhsarmast and Sonmez 2020)
Blockchain became well knawbecause of the digital currency bitc¢akamoto 2008)which
illustrated a peeto-peer electronic cash system in which transactions are hashed and recorded into
an ongoing chain. Blocks can be validated by the network using cryptographic meaiastidm a
to the transactions, each block contains a timestamp, the hash value of the previous block, and a
nonce which is a random number for verifying the héslofer et al. 2017)Because hash values

are unique, fraud can be effectively prevented, as changes to a block in the chain immediately
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change the respective hash value. Therefore, blockchains are resistant to the modification of their
data; once recorded, the data in arwegiblock cannot be altered retroactively without altering all
subsequent blockédas et al. 202QXheng et al. 2017)For a block to be added to a chain, a
majority of the nodes in the network must agree, using a consensus mechanism, upon the validity
of the transactions in the block and of the block itself. A blockchain is extended by each additional
block and, hence, represents a complete ledger of the transaction history. Every node in a
blockchain network keeps and maintains the same ledger, vguahantees transparency,
traceability, immutability, and decentralizatifvienkatesh et al. 202Q).u et al. 2021a)

There are two blockchain categoripablic blockchairandprivate blockchair{also called
permissionless blockchaend permissionedlockchair). A public blockchain can be accessed
publicly under the generic consensus mechanism, and it is nearly impossible to change a block due
to visibility across the networfdi et al. 2019) In comparison, a private blockchain is designed
for a cetain organization, wherein data are centralized and can be changed when all nodes agree
within the organization. However, data exchange across organizations is still decentralized
(Elghaish et al. 2020)Therefore, public blockchains highlight opennassl decentralization,
while private blockchains can provide higher throughputs by designing deterministic consensus
protocols(Gupta et al. 2020)

Smart contracts can support customized scripts for more complicated transactiorast A
contractcan be dfined agiself-enforcing, monitoring external inputs from trusted sources to settle
according to the (Retmsand Banayi®@19)e tgengral bbpdtive®wheno
designing smart contracts are to satisfy common contractual conditimiisgs payment terms),
to minimize expectations, and to minimize the need for trusted interme@hassn 2019)Smart

contracts work on an #Ai f/ wh edhain ot diosghadn data i nci p
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changes and ofthain data sources in teame and automatically execute contract clauses,
resulting in savings in transaction fees and administrative costs, and expediting the transaction
procesgFanning and Centers 201@)riarte et al. 2020)

2.3.3.Blockchain and Smart Contragpplication in Construction

Construction projects are a natural fit for blockcHa@&sed project management because
projects are well structured and based on cont(aegsscott and Vargas 2013mart contracts
can be either deterministic or ndetermnistic (Kosba et al. 2016 Deterministic smart contracts
involve the tokenization of assets, which can be independently executed in the blockchain without
interaction with the external world. In contrast, fd@terministic smart contracts need to inéégr
off-chain data to trigger transactiofiss et al. 2021a)When applied in the construction industry,
smart contract execution relies on the timely capturing ofweald changes to trigger execution.

For example, a combination of RFID and the Ioh b& used to synchronize rg¢ahe delivery
information with the details of the delivered materials, such as the original fabricator factories, the
amounts arriving, and the sequence of arfiikalan and Salah 20L1Ahmadisheykhsarmast and
Sonmez 2020)nked cost and schedule data from Microsoft Project to the Ethereum smart contract
for secure paymentBespite of the potential for secure payments and cutting fees in intermediaries,
the case study failed to present an automated progress payment dystto the continuous data
governance from a centralized project management software.

Researchers have also investigated the feasibility of integratifguilasdata to
automatically infer payment conditionddamledari and Fischer 2021pjoposed usig reality
capture technologies (e.g., unmanned aerial vehicles [UAVs]) to fetbhilaglata as input to
trigger smart contract progress paymefitee et al. 2021lintegrated digital twins and blockchain

to make aduilt information traceable and commable to facilitate collaboration and

43



communication among project stakeholders. While both studies proposed using advanced
technologies to connect the blockchain network and the real world, they did not develop concrete
smart contract rules to respond é@son real project performance. Because smart contract
executions are irreversible and immutable, it is important to consider all possible scenarios and
outcomes when implementing smart contracts in the-@vanging construction environment.

There is a gp in the body of knowledge in understanding the relationship between
individual participantds work plan reliabil:]
contract rules to motivate reliable completion based on various possible scenarios. Theeslis a
for developing a method to construct situateawmarenesdased smart contracts for better promise

in the context of progress payment automation.

2.3.4.Blockchain Oracles and Data Sharing

In blockchains, an oracle is used to bridge the blockchain anevoelal projects. It is a
middleware agent that queries and endorses data from external systems to the blockchain,
including for use in smart contrac{&ochovski and Stankovski 2021Dracles can also be
classified according to the source of the data (e.g., software, hardware, or human), information
flow direction (e.g., inbound or outbound), design pattern (e.g., recpsgsinse, publish
subscribe, or immediatead models), and trust el (e.g., centralized or decentraliz€dy et
al. 2021a) Oracles retrieve and verify external data for blockchains and smart contracts through
web applications or market data feeds. Those data are recorded in the blockchain for auditing
purposes.

Datafrom oracles also allow smart contracts to monitor project performance and facilitate
payments when tasks completed are compl@tednd Kassem 2021)or example(Lu et al.

2021a)explored smart construction objects as blockchain oracles to enhance construction supply
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chain collaboration(Hunhevicz et al. 2021 avestigated the use of digital twHased oracles to
construct performaneleased smart contracts intended to finaligiincentivize parties to deliver
construction projects that meet the targeted performance levels. Both studies ubadeldDr
humancreated data to form a massive data pool. However, a precise interplay between the real
world and the trusted and detealized blockchain environment relies heavily on vaeleloped
and maintained data oracles to extract necessary information. The smart contract can be
overinformed when constant ladata stream loT data are fed in. It remains unclear how to
leverage ad organize massive data from oracles to achieve precise interactions using smart
contract rules.

Meanwhile, blockchains cannot store large data files, such as BIM files, images, and digital
twins because of the high expense and latency ig3aeset al. P21) (Zheng et al. 2019)and
(Xue and Lu 2020investigated reducing the size of BIM files to make them inexpensive to store
in the blockchain. Another promising solution to storing large files as blockchain oracles is using
the IPFS, a pedpb-pee distributed (i.e., without a centralized server) file system arrangement that
is expected to be a suitable technical complement to blockchain for securely storing and
distributing large files. FurthefTao et al. 2021dleveloped an integrated blockalidPFS method
to solve the problem of storing design files when applying blockchain intiz$éd collaborative
design. Little research was found in utilizing images as blockchain oracles to condition smart
contract payments. Therefore, this research aiatethvestigating the implementation of a
decentralized, IPFBased imagsharing application as a reliable oracle for promptly monitoring

subcontractorsé performance.
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2.4. Methodology

Figure 2.1 illustrates the research framework applied in this study, which involves two
phases: A and B. In phase A, we collected modular delivery aistteomstallation data from a
residential higkrise project in Singapore. Then, we established a STROBOSCORi#atim
model to quantify the impact of PBU delivery variabilities, crane availability, and worker
availability, according to the projectds sche
action items can then be derived based on the simula¢isults, to motivate reliable task
executions for each crew. In phase B, a decentralized-b@B&] application was constructed that
allows managers to upload réahe construction images in a blockchain to reflect-tmaé
performance. The images upleadby managers should match the items listed in the smart
contracts. The double lines mean that smart contracts can pull the image data recorded in the
blockchain to infer the performance level. These shared image data that was already authenticated
by the blockchain network users when uploading can provide strong evidence to trigger the

corresponding clauses in the smart contract and assign payments automatically.

46



1.
2. Crane availability
3.

@ Scenario design Assign rewards or
PBU delivery variability Reward penalties to crews

* scenario & automatically
3. Worker Assigned amount
4. Transact
Modular Stroboscope " _____________ — .\
construction [ simulation i Ethereum 0 E 0 '
data model | | smart contract
: establishment @@@ ’ 1. Pull
1

@
Benchmark | Smart Contract |
I
selection Penalty S [iTiaiste i ST Og S

scenario &

3. Trigger

Detected
scenario

amount

Upload

Approve

: A Upload and hash in
Construction % .
Images * IPFS peer-to-peer 2. Infer r f\l
: network . S
Record on Blockchain as ifv'i’
| unique evidence t

Figure2.1. The research framework of thegidy.

2.4.1.Data Collection

This study collected data from a residential building project in Singapore that utilized the
modular construction method for PBU installatidhe project has multiple buildings with a total
gross floor area (GFA) of 48,236°. The entire work scope induc@stalling 942 PBUs in 626
apartment units. The building which was selected for this study has 10 floors. Each floor contains
4 apartment units. Each unit contains three different types of PBUs: PBUA, PBUB, and PBUC. A
PBU fabricator from China was seted. The PBUs were then shipped from China to Singapore
oversea. The PBU prefabrication productivity, delivery sequence and timing, asite on
installation productivity played important roles in the overall performance. But because a lack of
an effectivemechanism to motivate reliable commitment from the various participants, the project

encountered challenges in the above areas.
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Data were collected by one of the authors, who was part of the main contractor (MC) team
for this project. In total, 74 PBU loady platform (PBU_LP) assembly durations and 139 PBU
hoistup durations were collected. The distributions of collected PBU_LP assembly durations and
PBU hoistup durations were fitted using Excel Solver. PBU_LP assembly followed a Practical
Beta(PERT) digribution with the minimum, most likely, and maximum values of 50, 55, and 60
minutes, respectively. PBU hoisting up fit a distribution of GAMMA(3,6). The project manager
estimated that installing a PBU required 90 to 100 minutes. Meanwhile, the cotlataexhowed
that there was a 30% chance of rework being required for PBU_LP installation and a 10% chance
of rework being required for PBU installation. The results were validated through meetings and
discussions with the project managers.

In addition, 1 latch of 18 PBUs was delivered per week. One truck carried three PBUs,
meaning that it took six trucks to deliver each batch. Further, 1 batch could be unloaded in 30
minutes. Three types of PBUs were identified in this project, referred to herein aétypemnd
C. There was large variability in the delivery of these PBU types. For instance, in tHoadeest
scenario, a batch would contain an equal number of each PBU type (i.e., six of type A, six of type
B, and six of type C). However, in some casebatth would contain uneven numbers of the

various types (e.g., 14 of type A, 4 of type B, and 0 of type C).

2.4.2.Simulation Modelling

A STROBOSCOPE simulatiofMartinez 1996model was built to aid in understanding
the impact of delivery on trade productivity and project performance. The building in the current
case study had 11 floors; for the 10 floors above the ground, each floor featured 4 apartment units,
and each unit quired the installation of 3 different types of PBU. As showirigure 2.2, i

represents the apartment unit number of each floor which has the integer value of 1, 2, B, and 4;
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represents the floor number which has the integer value vary from 2 korégresentshe PBU

number in each apartment unit with an integer value of 1, 2, and 3. The workers needed to install
a PBU_LP before working on each unit, for safety reasons. Once the PBUs were delivered to the
job site, they were unloaded and storeesie if therewas enough space. After that, if the crane

was ready, the PBUs were lifted by the crane and installed by a group of workers. When all three
PBUs were finished in one unit, the workers dismantled the platform and moved on to another
unit, one floor aboveAt most, the workers could work on four units simultaneously, due to safety
restrictions.The installation priority assigned to the PBU types was, in order, A, B, antheén

a certain type of PBU was unavailable, the crane hoisted up the available PBuésrEmaining

units and then waited until the favoured type became available. This process was repeated until all
the PBUs were hoisted up. According to our observations, the crane was available 70% of the time,

and 5 workers were assigned to the project
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Figure2.2. Simulation flowchart

2.4.2.1 PBU Delivery Scenario Design

PBU scenario design focused on deriving different variability of PBU delivery types. Each
delivery batch contains 18 PBUSs. In the kmstnario, every delivery contains equal number of
three types of PBUs. While in the wesstenario, it contains only otyge of PBUs (e.g: 18 PBUA
and none of PBUB or PBUC). We measured the PBU delietgbility based on the cumulative
For i -6f hinthear i abi

deviations fromthe bestc enar i o. nstance,
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best scenario, while the variabiltys | 1 8 T 6 |-6] = 24|inGthe &vprsscenarijo.0Another
example can be that when 8 type A, 8 type B, and 2 type C PBUs were delivenettjahgity
was cal cul at e d -6p=s8. Tha&efofe| when pgrnduiatéhg and-corhbhing different
PBU deliveries, the variability level can vary from 0 to 24. We used-ne&ns cluster algorithm

to classify the variability into five levels, as showriliable2.1. In this research, we assumed the
delivery pattern remaining consistent for the entire project duration.

Table2.1. Five PBU arrival scenarios tested in this study

Scenario Variability

1 (0, 6)

2 (6, 12)
3 (12, 16)
4 (16, 22)
5 (22, 24)

2.4.2.2 Crane Scenario Design

Crane availability was designed using 7 levels of crane availalflityording to the on
site data collection, crane has 80% of time available at maximum and 50% of time available at
minimum. Therefore, we designed crane scenario that reducing from 80% to 50% at 5% intervals.
This design was based upon the PBU arrival bdidg% correct and the there are 5 workers
available per day. Because PBU installation is a critical activity, it generally commands a high

priority for lifting.

2.4.2.3 Installation Scenario Design

Worker assignment was designed according to various availability levels. According to the
onsite data collection, there are 10 workers assigned at maximum and 4 workers assigned at
minimum. Therefore, we designed worker assignment that reducing fromd1@doreasing by 1
worker at a time. This design was based upon the PBU arrival being 100% correct and the crane

being available 70% of the time. The PBU installation time depended on the number of workers
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assigned, which was estimated by the project gentom the MC team. Increasing the number
of workers assigned would speed up the installation, but this would also result in a higher labour

cost.

2.4.2.4 Simulation Outputs

Based on the constructed model, this research used the planned value as the defiaolt scen
for the simulation model. The default inputs were that the delivery of each batch had an equal
number of each PBU type, the crane was available 70% of the time to lift the PBUs, and 5 workers
were assigned to install the PBUs. According to these pdess) this research investigates each
participantdés reliability and i mpact on the
simulation ran 100 times for each scenario. The working time was 6 days per week and 10 hours
per day. The simulation cloadapsed by minutes. The outputs of the simulation model were as
follows:

(1)Project duration: the time it takes to complete the installation of 120 .PBUs

(2)Crane idle time: the idle time that occurs as a crane installs a PBU

(3)Worker idle time: the idle timéor each worker group when installing a PBU

AHTot al project cost: includes the cost of
sal ari es, and indirect cost s. From the proje
US$5,400, including fabriten, shipping, and delivery. The cost of a crane per day is US$1,200,
including the crane rental, crane operator, and maintenance costs. A subcontractor team per day is
US$1,000, while the indirect cost is US$2,000 per working day. We add these upitie potst

project cost.
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2.4.2.5 Simulation Calibration

The simulation was calibrated through a verification and validation pro¢esfication
involves ensuring that the conceptual model is correctly reflected in the simulation model, while
validation focuses orensuring that the simulation model provides an accurate representation of
the system(Shi 2002)proposed examining simulation activities in chronological order to verify
that they have been initiated and advanced in the correct sequence. As sudmnokgical
simulation report was generated using the STROBOSCOPE Trace function and contrasted with
the actual data collected during the lifting and installation operations. The results verified the
correctness of the simulation model, indicated thatesdeflect the real construction sequence.

The validation process involves (1) validating model assumptions and (2) comparing model
inpufi output transformations for the real system, as proposéddyor and Finger 1967Model
assumptions can be categorized into structural and data assumptions. In this study, the structural
assumptions, such as delivery patterns, were verified with the project manager in the conceptual
model validation stage. Conversely, the data assangptvere based on collecting reliable data
and using this data to determine the appropriate distributions, which were carried out as described
above. To compare the inpoutput transformations between the model and actual process, the
confidence intervahpproach was used. In this research, the mean of the actual observations fell
within the confidence interval constructed from a sample of replicated means. Therefore, it can be
deduced that the actual and simulated population distributions are adeqimtiellyand that the

model is validLaw and Kelton 2014)

2.4.3.Smart Contract Scenario Design
The Ethereum blockchain was adopted in this research because it is a decentralized, open

source blockchain featuring smart contract functionality, and it is the¢ wmidely adopted
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platform for developing smart contracts. This research deployed the Ethereum smart contract in

Remixi Ethereum, which is a powerful opsnurce tool for writing smart contracts directly in a

browser. The incentives and penalties generatesim the simulation results could then be

programmed into the smart contract to promote a higher delivery lEgelexample, when

deriving the PBU delivery scenarios, five var

the cost outcomes basedtorh e si mul ati on results were define
The project managers suggested using scenario 2 as the benchmark because PBU delivery

is key to project success. This research assumes that the MC initiates and manages the blockchain

system. Theteps for constructing a contract are showrrigure 2.3. Initially, we defined that

only the MC can invoke a smart contract, as a contract requires the MC to input the transaction

parties (e.g., the MC and PBU supplier) and the performance levieé d?BU supplier. If the

detected scenario is 1, then the corresponding incentives will automatically be assigned to the PBU

supplier. If the detected scenario is 3, 4, or 5, then the contract will require the PBU supplier to

pay the associated penaltyhieh is determined by the simulation results. A similar smart contract

execution process can be applied to the crane and workers. The quantification method developed

in this research and the transparency of smart contracts can help crews comprehend their

contributions and the payment outcomes ahead of time. The transactions enforced by smart

contracts also facilitate reliable contract compliance by different subcontractors.
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Algorithm 1: Reward and Penalty Smart Contract

Input : transaction address, delivery reliability(1, 3, 4, 5)
Output: assign rewards or penalties to PBU supplier once a certain
delivery reliability is detected
/* Require GC to be the console operator */
1 enter GC address;enter PBU supplier address:

/* Address is the unique identification for each crew in the
blockchain network. Transactions are sent to the address
directly */

2 contract activation;

3 function Reward(input = delivery level);

a if (delivery level == 1) then

5 | transfer amont, ETH to PBU supplier address;

6 else

7 | return False;

8 end

9 function Penalty(input = delivery level);

10 if (delivery level == 3) then

11 request PBU supplier to pay amont, ETH to this smart contract;
12 else if (delivery level == 4) then

13 request PBU supplier to pay amont; ETH to this smart contract;
14 else if (delivery level == 5) then

| request PBU supplier to pay amonty; ETH to this smart contract;
else

| return False;

end

e e e
mw g O &

Figure2.3. PBU supplier smart caract scenario design

2.4.4 Decentralized Storage Development

In this research, an IPH&sed distributed system was developed to allow smart contracts
to interact with realorld data.Figure 2.4 shows the framew&r of decentralized storage
development. Web3.js is an Ethereum JavaSémglication Programminginterface (API) that
allows users to develop applications or platforms to interact with the Ethereum blockchain. In other
words, web3.js assists in connectieglworld content sharing and enables blockcHzased fact

checking. React is a JavaScript library for building user interfaces, and it allows users to develop
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their projects by fetching data from different sources. The IPFS is a protocol arm-peer

network for storing and sharing data in a distributed file system. A file uploaded to the IPFS is
published and returns a unique hash, which can be fetched by smart contracts and recorded on the
blockchain.

Initially, construction managers cg@mepare some images at every checkpoint to record
subcontractorso performance. Managers can the
developed in React that can connect to Ethereum smart contracts through web3.js. The uploaded
images are thepublished and hashed through the IPFS. Smart contract functions mainly focus on
fetching the image name, image uploading timestamp, uploader address, and image hash link.
Further, every wupload requires the @&alofoankchai:
upload adds the file hash and uploader address to the smart contracts, and the execution
information is then packed and added to the blockchain. Construction stakeholders can pull the
image information through decentralized applications at ang.tiilhose images are unique
identifiers for project auditing documentation in the blockchain, which can reduce potential

arguments regarding payment conditions and obligations.
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2.5.Results and Discussion

2.5.1.Simulation Result

2.5.1.1 PBU Arrival Sequence

The simulation results are shown in

Table 2.2. The project durations were measured by working days. The crane idle time
indicates the number of minutes that the crane needed to wait to install eactnRBality,
because the crane was serving two buildings simultaneously, the expected results should be half
of the simulation results shown in the table. The worker idle time is the number of minutes that a
group of workers needed to wait to install ea8UPThe simulation results show that the arrival
sequence had a significant impact on project success. When the variability fell between 0 and 6,
the project took 40.93 working days to finish, with the crane idle time and worker idle time being

10.30 minueés/PBU and 5.58 minutes/PBU, respectively. In contrast, the project took 50.79
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working days to finish in the worsase scenario, with the crane idle time and worker idle time
being 15.27 minutes/PBU and 10.62 minutes/PBU, respectively. The severity betame
evident as the number of eok-sequence events increased. When the PBU deliveries occurred out
of sequence, the project missed some specific types of PBU. Consequently, the crane and workers
had to wait until the right types of PBU arrived. The awualated effects of owdf-sequence
deliveries disrupted the balance of unloading, hoisting, and installing, and had the potential to
endanger the completion of the project itself.

The benchmark scenario took 41.54 working days to fiflible. results conswmlated that
the project manager used scenario 2 as the benchmark because it was found that the severity of the
effects on the overall schedule suddenly increased when the variability level exceeded 12.
Compared with the benchmark scenario, a level 1 vfityatould help the project save US$2,562.
Assuming that the smart contract used a monthly payment format (i.e., with 24 working
days/month), the supplier should receive US$2,562 / 40.93 * 24 = US$1,502 in incentives in this
situation. Assuming that, in private construction blockchain, 1 ETH (Ether, the Ethereum
cryptocurrency) = US$1, the supplier would receive 1,502 ETH in this scenario. In contrast, when
the variability fell between 2and 16, 16 and 22, and 22 and 24, the PBU supplier received
penaltes of 8,732 12,999, and 18,358 ETH, respectivelhe results show that if the PBU
fabricator can perform at the highest reliability level following the smart contract rules, the project

can save 4.7% overall cost compared with the benchmark scenario.
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Table 2.2. Simulation results for different PBU arrival variabilities

. PBU Project Crane Ildle Worker  Total Cost . Cost Monthly
Scenario Variability  Duration Time Idle Time (USs$) Difference Payment
(US$) (US9)
1 (0, 6) 40.93 10.30 5.58 $819,906 $2,562 $1,502
2% (6,12) 41.54 10.48 6.04 $822,468 $0 $0
3 (12, 16) 45.48 12.61 7.95 $839,016 T$16,5 1%$8, 71
4 (16, 22) 47.69 13.80 9.05 $848,298 T$25,8 1%$12, 9
5 (22, 24) 50.79 15.27 10.62 $861,318 1$38,8 1%$18, 3
*Benchmark scenario
2.5.1.2 Crane Availability
Table23s hows that the craneds priorities
the projectds schedule. A higher avail abi

and reducehe wait time for workers. However, a higher availability of the crane also resulted in

when

Ity

a higher idle time for the crane. The reason for this is that once the crane became more available

for PBU activities, the crane needed to wait for the workers tobalsome available. In contrast,

when the crane became more involved in other activities, the workers needed to wait until the

crane became available. We set scenario 3 as our benchmark in the smart contract because it

complies with the original project planAny crane with an availability level of less than 70%

would get penalties in the smart contract, while any crane with an availability level of higher than

70% would receive a reward
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Table2.3. Simulation esults for different crane availabilities

Scenario C_ran_e_ Proje_ct Crar_le Worker Total Cost Cost Difference Monthly
Availability Duration Idle Time Idle Time (US$) (US$) Payment (US$)

1 80% 40.80 12.72 5.58 $819,360 $1,848 $1,087
2 75% 40.90 11.54 5.63 $819,780 $1,428 $838
3* 70% 41.24 10.47 5.81 $821,208 $0 $0
4 65% 41.49 8.88 5.92 $822,258 1T$1,05 1T$607
5 60% 41.56 7.41 6.00 $822,552 1T$1, 314 1T$776
6 55% 42.29 5.89 6.38 $825,618 1$4, 41 1T$2,5¢0
7 50% 43.07 3.77 6.68 $828,894 1T$7, 68 1T$4, 28

*Benchmark scenario

2.5.1.3 Worker Assignment

Table 2.4 shows that assigning more workers helped shorten the project duration and
reduce the crane idle time. Having more workers sped up the installation cycle, as each PBU could
be placed in a shat duration. However, more workers could also lead to a higher worker idle
time, for two reasons: (1) the crane is not always available, even when PBU installation is done

quickly, and (2) the current esite PBU inventories may not be enough to keep up thie

-

C

installation speed. Therefore, in such a case.
align with the workersd capacity, meaning th
reali zed. Accor di ng t oe setlseenanorédije.e with 6 smstattationr e n t

workers) as our smart contract benchmark.
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Table2.4. Simulation results for different numbers of workers

. Installation Project Crane  Worker Total Cost .. Cost Monthly
Scenario Workers Time /PBU  Duration I(_jle I_dle (US$) Difference  Payment
Time Time (US$) (US$)
1 10 [60, 70] 39.97 9.79 8.53 $815,874 $5,334 $3,203
2 9 [62, 72] 40.09 9.85 8.37 $816,378 $4,830 $2,891
3 8 [66, 76] 40.19 10.00 7.91 $816,798 $4,410 $2,633
4 7 [72, 82] 40.52 10.17 7.43 $818,184 $3,024 $1,791
5 6 [80, 90] 41.00 10.39 6.81 $820,200 $1,008 $590
6* 5 [90, 100] 41.24 10.47 5.81 $821,208 $0 $0
7 4 [100, 111] 41.54 10.60 491 $822468 1$1,2 1872
*Benchmarkscenario

2.5.2.Smart Contract Execution

Figure 2.5 shows the process flow of the smart contracts. Onesitercameras capture
PBU deliveries and record the images in the blockchain, MC can monitor PBU delivery based on
the image data. For exgle, if every delivery contains six type A, six type B, and six type C
PBUs, then MC can determine that the PBU supplier performs at level 1. Then MC can invoke the
smart contract, input the PBU supplier accounts, and enter performance level 1 on the smar
contract page. This results in a reward of 1,502 ETH to be transferred to the PBU supplier accounts
automatically. The performance level and assigned corresponding rewards or penalties can be

found in

Table2.2. In a worse case when a batch contains uneven numbers of the various types (e.g.,

a batch contains 14 type A and four type B), the PBU supplier will be requested to pay 8,732 ETH
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Figure2.5. Smart contract process flow

Figure 2.6 shows the smart contract validation results from the soffwRed shows
that each account has 100,000 ETH initiated. Red for MC to use the accounts to activate the
smart contract transactions by entering involved parties: MC and the PBU supplier. MC also stores
5,000 ETH in the smart contract initially for assigning payments. Once the contract confirms the
correct messagsender and contract address, there will then be a success mark. Senivs
MC manually inputs performance level 1 from evaluation results. Rad for the smart contract
to automatically transfer 1,502 ETdadtheinputect | vy
information. Red shows that He information about the transactions is immediately
synchronized in the blockchain network. The transaction informatsuth as the transaction
parties, performance level, and timestaénpse packed and added ttee blockchain. Red
shows that the balance in the smart contract reduces to 3,498 ETH (i.e., stored 502ETH)

because 1,502 ETH is already transferred to the PBU supplier.
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1. Contract Initiation 2. Measurement Input 3. Contract Execution
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Figure2.6. Smart contract validation process

Similarly, the contract requires the PBU supplier to pay the penalty required by the contract
when undesirable scenarios are detected. For instance, when a level 5 variability is detected,
contract requires the PBU supplier to pay 18,358 ETH to the smart contract. Other behaviors will
return the error signal in the smart contract network. For example, as shéwguia2.7, after
invoking the smart contract, the PBU supplier was required to pay 18,358 ETH when the project
manager input fA50 for the variability | evel
would be rettned immediately when the smart contract detected a false execution. False alarms
are synchronized and distributed to the blockchain network, allowing participants in the network
to view failed transactions instantly and conveniently. Therefore, no onenaaipulate the
contract once a detected condition is identified. Such a rigorous execution of the smart contract
enforces the commitment of al | parties to

targets.
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Figure2.7. False alarm for wrong smart contract operations

2.5.3.Data Sharing in Blockchain

This study established a decentralized application that allows construction managers to
upload image evidence into a blockch&#mart contracts can retrieve these shreds of evidence at
any time to audit the project performance and execute transadiigse 2.8 shows the key
features of the developed dafaaring platforms. Project managers can select files to upload and
add the descriptions of the uploaded files. O
a confirmation request. As soon as the network usersoappthe executions, the image
information is sent to the IPFS to publish, hash, and be added to the smart contract. Columns 1
in Figure2.8 show the font-end applications that managers can see and interact with. Specifically,
column 1 is the specific description of the image, which project managers can write when
uploading the image; column 2 is the timestamp indicating when the image was successfully
uploaded; column 3 is the address of the image uploader; and column 4 is the image hash returned
from the IPFS. Clicking on the hash in column 4 allows users to view the encrypted pictures and
a unique sharable link. This sharable link is the storagedtng the image, and there is no third
party governing the image. The image data are managed by the construction stakeholders who are

involved in the project and the blockchain networks. They can fetch and retrieve these data on
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their end to appraise peyt performance. Therefore, each image can act as a unique piece of
evidence to evaluate crewsod6 performance.

In addition, the timestamp can be leveraged to infer the construction progress. For example,
we can tell fromFigure 2.8 that five workers were installing a PBU, and as such, we know that
this belongs to scenario 6 of the workerso s
managers can show this picture as unique evidence to demonstrate payment conditions. The
benefts of the developed decentralized application are as follows: (1) increasing the transparency
for project monitoring, as everyone in the blockchain has access to and can verify the images and
are notified when new information is added; (2) improving tha gonventional documentation
processes for construction data, wherein records are often defectively filed and simply lost after
project completion; and (3) enhancing project visualization through organized and chronological
file sharing. The validations@ployed by the platform promote transparent information sharing,

which facilitates reliable collaboration and communication among stakeholders.
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Figure2.8. Image sharing in the blockchain

2.6.Conclusions

In this study, a blockchain platform was developed to facilitate and motivate reliable

performance executions within modular construction. Previous research recognized the necessity

of the design of smart contracts for progress payments and of associatedneepland

maintenance strategies; however, thus far, the literature has failed to provide a prototype to

demonstrate the feasibility of such a method. This research provides a sittattanahespased

smart contract prototype to promote the reliable granince of subcontractors, based on their

customized needs. The enforceability of smart contracts facilitates the proper execution of their

terms and encourages subcontractors to perform at a higher level. Moreover, to address the major

challenge of connéing smart contracts to realorld detection methods, this research developed
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an IPFSbased, peeto-peer distributed filesharing system that allows construction stakeholders
to upload daily construction images as forms of smart contract validation arfidatien
evidence.

Assigning payments requires decision support, and the decentralized applications
developed in this study timestamp the files being uploaded and use the visual data to clearly depict
performance levels. Due to the uniqueness of theasyagis difficult for subcontractors to argue
about what has been clearly recorded in the images. The evidence can be conveniently pulled by
different construction stakeholders in the blockchain network. Conventionaktimeal
performance inspectionseanot ideal for ensuring that the terms of smart contracts are met, and
the absence of contractual details about what items to check and how to check them might hinder
the application of smart contracts. To address these concerns, the current reseaastzesnpie
sequence of smart contract derivation and implementation; it is necessary to quantify the
performance items for subcontractors first and then to use the corresponding technologies to
capture the items that must be checked.

The benefits of thistsudy 6 s findings are threefold. Fir
research provide objective and instant feedba
practices, subcontractor performance appraisal tends to be subjective and qualitdtiites
difficult to customize the incentives and penalties to reflect various performance levels. Second,
the methods developed in this research provide an anchor point from which to elaborate on and
better understand how variations in the performarfceoastruction subcontractors affect the
overall schedule and costs of a project. Third, the smart contract implementations described in this
study can be used to identify performance levels and facilitate reliable project delivery, which is

helpful for reducing the management time and effort required by the current practices. Moreover,
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at present, construction management lacks efficient documentation to trace records retrospectively;
the smart contract system described in thnapterallows project managers to review the past
performance of subcontractors, enabling project managers to learn from previous experiences and
to seek out the best collaborators. The data recorded in the blockchain are good lessons for
continuous improvement® carry out the PDCA cycle. Further, with suitable adjustments, the
smart contract presented herein can be customized to other types of construction projects in
general.

Blockchain and smart contract applications in the construction industry are gtk in
nascent stage. As such, there are few limitations to this research. First, this research implemented
a smart contract in a permissioned blockchain in which the governed parties are responsible for
the blockchain operation, which is not a fully decalined system. Therefore, future research can
investigate the feasibility of implementing private construction blockchains with the minimum
amount of oversight. Second, the developed smart contract functions as the attachment to the
conventional contracit lacks the flexibility to deal with multiple change order scenarios. It is
recommended to develop the future research to support more rigorous and efficient contract design
from human logic. Third, the decentralized applications developed in this festi#lroequire a
human appraisal of the performance level. The advantages of exploiting such applications have
not yet been maximized due to the systemsd in

There are three recommendations for future rebedirst, future research can investigate
potential computer vision and machilearning algorithms to extract, interpret, and organize key
information from oracle images to achieve fully automatic payments within smart contract.
Second, integrating BIMl e si gn i nf ormati on and participant :

help manager obtain the data more efficiently. Third, broadening the application of the analysis
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and blockchain technology in other types of construction projects with appropriatereofjtis

help managers motivate and track reliable commitments in the construction industry.
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3.1. Abstract

Establishing a fair benefit distribah system for construction projects, in which
participants often need to work together in a highly uncertain and interrelated environment, is
challenging. There is a lack of objective mechanism for construction projects to motivate reliable
workflow autonatically and instantly. The objective of this study is to develop Shapley-value
based smart contracts to automatically assign fair rewards/penalties to motivakevehsk
collaborations. The research first developed a simulation model to quantify sabconto r s 6
marginal contributions under different coalitional scenarios. Then, the simulation results were
aggregated wusing Shapley value to determine

Lastly, the payment was encoded in the smart contrachandieployed in the blockchain to self
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enforce consensus executions. The results showed that Shapleypasdde smart contracts
exhibited incentives to motivate reliable contributions and enable peer negotiations to realize task
level production. The conbutions of this study to the body of knowledge are 1) quantify
subcontractorsd®é marginal contributions to the
collaborative outcomes when project participants can perform at different levels of effort. The
incentives embedded in smart contracts can re
toward desired outcomes, enabling a -sadinage, selfovern, and seladjust decentralized
autonomous organization.
3.2.Introduction

Successful project completionrequires efficient collaboration from various
multiorganizational and geographically dispersed project stakehdetsgan et al. 2008; Lee
et al. 2021) Ensuring horizontal collaborations can shift centralized control push to decentralized
pull (Howdl 1999). However, there is a lack of bottemp collaboration in traditional centralized
project planning, control, and knowledglearing work environmen{&orbes and Ahmed 2011;
Valente et al. 2019)The interactions between the different subcontracare mainly shaped by
their contractual relationshigg\ssaad et al. 2020)hey rely on a centralized mechanism for
overall inspection and coordination to ensure that all contractual requirements @ramietdari
and Fischer 2021c; Kim and Rhee Q0%Vu et al. 2021¢)As a result, slow responses may occur
due to reatime information needing to pass through various vertical tiers and hierarchical
systems. The complexity and interaction strengths of a project may increase instability in
centralized control systenjdunhevicz et al. 2022)t is also possible for a skilled, wétiformed,
and weltintentioned system manager to misjudge situations and lose project dételoing

2013) This is because centralized managers are not physically present on the femutliaek a
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fundamental understanding of rapid-site changes. Therefore, motivating reliable bottgm

collaboration is crucial in dealing with the complexity and fragmentation issues in the industry.
Blockchain introduces decentralization that aligndwaian construction, which has long

emphasized decentralization as a way of coping with complexity in construction projects

(Bertelsen and Koskela 2008lockchain can track and store the past and present status of an

event across a petr-peer networlusing cryptographylLu et al. 2021a)Therefore, it is widely

used in the construction supply chain to visualize and share delivery information for besiter on

coordination(Hijazi et al. 2021; Tezel et al. 2021; Wang et al. 2038dpart contractprovide a

standardized formula for basic transactimased interactions without the centralized pévtgson

2019) which can reduce transaction cq&ikghaish et al. 2020achieve payment automati(idas

et al. 2020)improve contract communicatie (Li and Kassem 2021 and cultivate mutual trust

(Elghaish et al. 2020; Wu et al. 20220 is also argued that blockchaiased governance

mechanisms could facilitate a project that emphasizes decentralizedrgselized, and shared

risk based o project outcomegHunhevicz et al. 2020However, implementing smart contracts

in the construction industry is inherently difficult because smart contracts cannot handle

unexpected casedi et al. 2023) Furthermore, defining coordination mecharssin smart

contracts that can align human interests to create collective outcomes represents one of the main

challenges of implementing blockchains practic@lynhevicz et al. 2021bfurrent projects still

need a centralized manager to allocate raskd benefits, leading to incompatibility betwebe

decentralized nature of smart contracts and centralized management p(aatetesl. 2021h)It

is argued that providing tokenized or financial rewards in smart contracts can potentially form a

self-guided DAO(Hunhevicz et al. 2022)which is a blockchakpowered organization that can

run independently without any central authofifyang et al. 2019b)
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Cooperative game theory has been widely studied in construction contracting to provide
monetay incentives to motivate collaboratigRishdadBozorgi and Srivastava 2018; Shang and
Abdel Aziz 2020; Yao et al. 2020a&}ooperative game theory is where different parties collaborate
to get more benefits and fairly allocate cooperative g@isgari and Afshar 2008)Cooperative
game theory emphasizes reward or risk sharing based on the surplus of the joint performance of
cooperatior(Eissa et al. 2021alrurthermore, cooperative game theory focuses on what groups of
players can achieve rather than the achievements of individual playéteytonBrown and
Shoham 2008)Therefore, relational contracts can be formed based on cooperative game theory
(Javanmardi et al. 2018pounas and Lombardi (2028jated that game theory can be used to
support cryptoeconomics development. Developers can encode incentives in smart contracts to
enable bottorup coordination and shape collective efforts toward a desired projedDynalas
et al. 2022; Hunhevicz et al. 2022, 2020his is crucial because incentives can motivate project
stakeholders to continuously contribute to reliable smart contract executions despite adversarial
environments attempting to disrupt the construction process. However, none of the existing
literature successfully provides solutions to demonstrate this feasibility. It is unclear (1) how smart
contracts can handle complicated construction scenarios withpautyi involvement, (2) how to
derive fair incentivépenalty sharing stipulations to motivatellaborative behaviors without
human judgments, and (Bdpw to decentralize reliable construction management at the task level.
3.3. Objectives and Methodology

To address the aboweentioned limitations, this research aims to introduce Shapley-value
based smartontracts to motivate collaboration and enhance decentralized deuialong.
Shapley value is a solution concept in cooperative game theory that determines the gains or cost

distribution by studying the joint performance of cooperation. The objectree® 1) quantify
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subcontractorsoé6 margi nal contributions to the
incentivepenalty sharing stipulations for subcontractors using Shapley value undepantyki
collaborative scenarios, and (3) develgmart contract and a blockchain network to monitor,

track, enforce, automate, and record the project executions. This research selectsise high
building by applying modular construction (MC) techniques as a case project to collect empirical
modular elivery and installation data. This study first establishes a simulation model to combine

and permutate the different planning reliability levels of subcontractors to exhaust all possible
scenarios. Then, a Shapley value algorithm is applied to detelminevtards and penalsharing

rules for each subcontractor based on the mar
the determined incentive/penalty amounts are encoded in smart contracts -eofeed
guaranteed payments. The incentivesstpport bottorup collaboration in a decentralized
mechanism are thoroughly discussed, and the smart contract validations demonstrate feasibility.
Researchers can leverage the developed framework to decentralize risk allocations and enhance
collaborationfor future smart contract applications.

3.4.Literature Review

3.3.1 Collaboration in Construction Projects

In current construction practices, the interactions between the different project
subcontractors are mainly shaped by their contractual relation$Agsaad € al. 2020)
Coordination provisions are often included in
and structure the means of efficient collaboration to mitigate potentia{ 8aksu 1997)Reliable
coordination can reduce potentialesgommitment and subsequent del@ysrbes and Ahmed
2011) Current projects rely on a centralized layer for overall project management and control, and

a distributed | ayer for each sub imrandBalad or 6 s
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2010 Kim and Rhee 2020)The distributed layer emphasizes collaboration, which is important

for shifting from central controlled push functions to a decentralizedidolivell 1999; Valente

et al. 2019) However, it has been argued that coercive foroces fhierarchical authority or
contractual terms cannot guarantee reliable collaboration or reduce opportunistic behaviors
(Henisz et al. 2012)This is because tas&vel subcontractors are from different parties with
different professional backgroundd| af whom aim to maximize their own benefits without
considering the effects on the rest of the su
(Javanmardi et al. 2018; Sacks and Harel 2006; Walker 2002; Zhang et al. 2016)

To change the separation tendency, new integrated forms of agreement based on trust
emanating from norms of obligation and reciprocity were introduced baseBelational
Contracting (RC) theory(Bradach and Eccles 1989; Lahdenpera 2012; Rahman and
Kumarasvamy 2002, 2004)Partnering and integrated project delivery (IPD) are two typical
examples linked with RQChe Ibrahim et al. 2018; Costa et al. 2019; Deep et al. 2021; Hall et al.
2018; Ma et al. 2018)Project teams jointly take responsibility fasnopleting the projects and
share the achievements or f ashdrejgaiessh aafe ot hme ng rad
(Yeung et al. 2007)For examplePishdadBozorgi and Srivastava (2018judied various IPD
standard contracts and indicatéedtt parties that were financially incentivized would stay in the
coalition and complete the project satisfactorily with a minimized cost ovétialhet al. (2018)
demonstrated that IPD can create an iotganizational governance model to enable boliative
management across the firmdéds boundari es. Ho we
implementing IPD lacks effective technology and knowledge management systems to enhance
efficient communication and provide timely feedback for decisnaking (Ma et al. 2022;

Rodrigues and Lindhard 2021; Roy et al. 2018)ddition, determining fair rewards and sharing
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in the early phases and achieving financial transparency can be challgfagingndi et al. 2019;
Rodrigues and Lindhard 2021)
3.3.2 Blockchain and Smart Contracts in Construction Applications

Blockchain seems the right fit for the fragmented construction ind¢Bmynas et al.
2022) Lean construction has long emphasized decentralization as a way of coping with complexity
in construction project@ertelsen and Koskela 2004) Bl ockchai nds decentr al
lean principles by enabling a more agile and responsive organabstructure. Decentralization
allows for a distributed network of decistomkers who can act autonomously and
collaboratively, reducing the need for hierarchical structures and enabling faster deikiog.
Blockchain can bring two revolutionary aiges to construction management: (1) bottgm
decisionmaking without the supervision of the central manager, and (2) cultivating advanced
technology integration to achieve a fully autonomous organization. The decentralized and trustless
nature of blockbains can effectively record and endorse transactions among participants in a
shared, secure, and traceable mar(®reng et al. 2020; Xue and Lu 202@®ach project
participant is responsible for verifying the transactions, and therefordetsskdecatralized
decisionmaking and collaboration can be achiegdnhevicz et al. 2022; Lee et al. 2021; Lu et
al. 2021b; Wu et al. 2021dpecentralized decisiemaking can optimize reward$alebiyan and
DuenasOsorio 2020) and it increases productighlowell 1999; Koskela 200®)y leveraging
Atransparencyo t o -makipgeaodrdducd theaeet foricenteal nthragement. o n
However, the nature of decentralization seems incompatible with centralized management
practiceqLu et al. 2021h)Project participants or uncertainties can easily jeopardize and interrupt
decentralized network$iamledari and Fischer 2021c; He et al. 202R&reover, there is still a

lack of specific legislation and regulatioftsighaish et al. 2021; Werbach 20,18hd incentive
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mechanismgHunhevicz et al. 2020, 2021#&) seltregulate and motivate collaborative behaviors
to form a seHmanage, selbperate, and seHdjust DAO.

Researchers have investigated various incentive mechanisms that motivate tios aflopt
blockchains and smart contracts. For exam@dson et al. (2020)jntroduced a framework
incorporating a distributed ledger for information exchange within a traceability system between
supply chain participants who are not motivated to shacenr&tion but may be willing to do so
under the incentive. Aligning stakehol derso i
implementation of blockchain technologi#amledari and Fischer 2021a;. Bjowever, more
effective contracting is needdo align incentivegMckinsey 2020) Lu et al. (2021ayecorded
reputation scores in a blockchain network with incentive mechanisms to facilitaitedtigistics
and onsite assembly. They further indicated that game theory can be integrated to improve the
rating of reputation scores for fairnestinheviz et al. (2021agonstructed performandmsed
smart contracts with financial incentives for the construction and operation-phase thermal
perf or mance. One possible challenge i s ensur
unexpected casesedause it is impossible to patch-gxst when no governance mechanism for
such adjustments is implemented beforehand in smart contedghisish et al. (202@jeveloped
a smart contract framework for IPD projects by coding three main transactionskioewiard
sharing: reimbursed costs, profit, and cost savidgsehevicz et al. (202QIso demonstrated that
building incentives with smart contracts to address human coordinates can be used in IPD projects.
However, these studies require further vdlma The existing literature emphasizes the incentive
mechanisms to implement blockchain and smart contracts. Nevertheless, none of them presents a
fair incentive solution to implement blockchains in which wiim situations can be realized to

support babm-up collaboration.
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3.3.3 Game Theory

Game theory is a mathematical framework for studying conflict and cooperation between
intelligent, rational decision maker@yerson 1991; Neumann and Morgenstern 19#4)
situations where decision makers try to optieniaeir benefits under wedlefined objectives by
competing or collaborating with other playéfsgari et al. 2014)There are two typical branches
studied in game theor{Gilles 2010) noncooperative and cooperative. In noncooperative game
theory, eah player focuses only on their own benefits and makes decisions based on the
i ndi vi du a l(MaslaniraadtHipal 20alfue to the lack of incentives or social ties, such
as trust, binding contracts, or credible thrg#@tselrod 1984) In coopeative game theory, all
players collectively make decisions to opti mi
the benefits fairly and efficientlyParrachino et al. 2006}t is argued that writing a binding
contract and determining how to shafree generated benefits among players can enhance
cooperation(Javanmardi et al. 2018)came theory has been widely studied in construction
projects to motivate collaborative behavigdsgari and Afshar 2008; Eissa et al. 2021a; Perng et
al. 2005; Shangnd Abdel Aziz 2020)For examplefFan and Zhai (2014)ointed out that game
theory helps to reduce project risks and can develop an effective mechanism f@mwin
cooperation in construction contracting. Based on partnering and cooperative gaies,tHe @t
al. (2016)demonstrated that the degree of willingness to cooperate significantly influences
cooperation gains, and that i ncenti Righdad can e
Bozorgi and Srivastava (2018halyzed IPD contractinstrategies from the perspective of game
theory and found that the only contract that can continuously motivate collaboration in the face of
cost overruns had incentives and shared rewakdmechanismsShang and Abdel Aziz (2020)

proposed a Stackeltzge game theormpased model to design payment mechanisms for public
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private partnership contracts that can satis
payments. Game theebased payment mechanisms can ensure that each subcontractor can gain
as nuch or more as it would have from performing independd€i®&rng et al. 2005)The value
obtained from collaborative benefits incentivizes collaboraijbissa et al. 2021alRecent studies
have indicated that developers could encode incentives ant @ontracts to enable botteup
coordination and shape collective efforts toward a desired project(Doahas et al. 2022;
Hunhevicz et al. 2022, 202®)ut none of these studies have gone beyond the theory.

Shapley value, introduced IBhapley (1958 is a mechanism in cooperative game theory
that provides a unique and equitable distribution of additional costs when working in a coalition
(Sharafi et al. 2021)rhis method adheres to two rationality axidiigssa et al. 2021a{1) players
should receive a minimum of their individual worth, and (2) a coalition should receive no less than
the sum of i ts member sdplayes)|thee&Skapley value assumes thé a b o r
existence of a sé{l (of n) and a coalition oplayers,S and measures the value of the coalition,
V(S) which is the sum of the payoffs from cooperation by the membess e formula for

calculating the amount that playieshould receive in a given coalitional gafneN)is:
- b Bp I Ayty ogopty (31)
Where n is the total number of players’Y “Q 0 "Y is the difference in value when
player i is added to the coalitidh "YP 0 "Qrepresents the subsgbf N that does not include
playeri. $YAis the number of permutations before playjeins in. The formula can be interpreted
as follows: when the coalition is formed sequentially, with each player demanding their

contribution Y "Q 0 Y as fair canpensation, each player takes the average of this

contribution over the possible different permutatifehiishi 1983)
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3.3.4 Gaps in Knowledge

The literature review revealed the importance of incentive design in smart contracts to
motivate collaborative beki'ors and ensure the successful implementation of blockchain
technology(Hamledari and Fischer 2021b; Hunhevicz et al. 202mst studies derive case
based incentivegElghaish et al. 2020; Lu et al. 2021a)d need further validatiofTao et al.
2021). Researchers have mentioned that the coordination mechanisms encoded in smart contracts
can form a seljuided DAO(Hunhevicz et al. 2022, 2021byt cannot go further. Embedding
cooperative game theory incentives in the smart contracts consegsines @xhausting possible
subcontr act(Bissaeial @02k Javanmardi et al. 2GiR) clearly quantifying the
tasks and return@&Chen et al. 2022; Hamledari and Fischer 2021c; Mason 2@i9unclear (1)
how smart contracts can haa@omplicated construction scenarios with mpérty involvement,
(2) how to derive fair incentivgenalty sharing stipulations to motivate collaborative behaviors
without human judgments, and (3) how to decentralize reliable construction managerhent at t
task level.
3.5. Methodology

Figure 3.1 illustrates the research framework. The study collected empirical modular
delivery and installation data from an MC project and defined collaborative reliability for PBU
fabrication, crane,ral workers in Step A. These empirical data were then utilized to establish a
simulation model in Step B, which el aborated
coalitions. To determine fair incentive/penalty rules for subcontractors based omanginal
contributions to the project, Step C employed a Shapley dxsed method. In Steps D and E,

this study developed comprehensive scenarios and incentive/penalty sharing stipulations in the
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Ethereum smart contract and deployed them in a blockehainronment. Finally, Step F involved

validation and verification in testing the framework.
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Figure3.1. Research framework

3.4.1 Data collection

Data was collected from a higltse residential building project in Singapore which utilized
the MC method for PBU installation. The building consisted of four apartment units on each floor,
with each unit containing three different types of PBUs, namBlyA PBUB, and PBUC. In
total, 120 PBUs were required for the building, and the general contractor (GC) opted for a PBU
fabricator based in China to preassemble the PBUs at a lower market price. After preassembly, the
PBUs were transported from China tom@apore through overseas freighigure 3.2 (a) depicts
the use of a crane to hoist a PBU, wikilgure3.2 (b) shows the congext construction sitdue
to the limited storage space at the job site, the PBUs, which weighed over five tons each, could not
be stacked atop one another. If the storage space became full, the PBUs were transported to a

rented warehouse, which entailedididnal rental costs and double handling.
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(a) (b)

Figure3.2. (a) PBU hoisup by crane; (b) Congested site with PBU containers

The project faced three challenges inBfJ delivery and installation processes. The first
challenge was uncertain and -@itsequencePBU arrival. The PBU fabricator preferred to
produce the same PBUs at once in a large batch to gain production efficiency.-dfisemience
arrival placed therane and workers in a disadvantageous situation for installation. Missing a
particular type of PBUs could put the installation on halt because they could not remove receiving
platforms and move on to the next unit without completing all PBUs in oneTurétsecond
challenge was the limited crane available time. The crane was fully scheduled for various lifting
activities and may not have been available when PBUs arrived. Each crane served two buildings,
and the PBUs were installed apartment by apartmBEmé third challenge came from the
installation subcontractor. To betxploitw o r k e r s &ite and maximzenprofitability, the
subcontractor purposely assigned a minimal number of workers for installation, which worsened

the vicious cycle of arrivdifting -installation.
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The duration of 74 PBU loading platform (PBU_LP) assemblies and 139 PBU hoisting
activities were collected. The PBU loading platform assembly durations and PBlLuoist
durations were fitted using Excel Solver to identify the tianadistribution. The minimum square
error (MSE) was evaluated to determine the final distribution. The PBU_LP assembly followed a
PERT distribution withdd v 7® vy andw ¢ Twith the minimum, most likely, and
maximum values of 50, 55, and 60 minutespectively. The PBU hotistp followed a gamma
distribution, with a shape of 3 and a scale of 6 (GAMMA (3,6)). The time required to install a PBU
depends on the workers assigned. In a common case, five workers will need akh60trathutes
to install a BU. The fitted results were validated by the project managers, who physically worked
on the project through various meetings.

3.4.2 Simulation Modeling

Simulation modeling is used to exhaust all situations based on experience and productivity
data. This study eopared risks and penalties from different trades and identified reward/penalty
allocation using the Shapley value. This allowed subcontractors to be treated fairly and justified
reward/penalty. Even though some of the delivery scenarios might not hapgerih@ actual
PBU delivery was produced and delivered according to the work plan and schedule in practice), it
is necessary to assume all situations for comprehensiveness during the rule development stage so
that smart contracts can handle all possilnes without interruptions.

In this study, the coordination between the PBU fabricator, crane, and workers and its
impact on the overall project performance was simulakéglure 3.3 depicts the simulation
workflow for the PBU project of a single building, whenalenotes the apartment unit number on
each floor, ranging from 1 to 4, apdepresents the floor number, which varies from 2 toKl1.

indicates the PBU number in each apartment unit and takes the integer values of 1, 2, and 3.
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PBU_LP had to be installegfore working on each unit to ensure safety. Upon delivery to the job
site, the PBUs were unloaded and storegita) subject to the availability of sufficient storage
space. If the crane was ready, the PBUs were lifted by the crane and installed lop &fgro
workers. After the completion of all three PBUs in a unit, the workers disassembled the platform
and moved to the next unit, one floor above. Due to safety constraints, the workers could work on
a maximum of four units simultaneously. The installapriority assigned to PBU types was A,

B, and C, respectively. If a particular PBU type was unavailable, the crane lifted the available
PBUs for the remaining units and waited until the preferred type became available. This process

was repeated until alhe PBUs were hoisted up for one entire building.

84



Y
Truck park Install PBU
Truck -
arrival & unload platform Level n [« N
PBU Unit m ©
S
-
Install .
PBUA Lift PBUA
Install .
“ Lpesus [ [LRPBUB
Tnstall .
« pRuC ! Lift PBUC
Are PBUA, B, C YCS» Uninstall platform No No
installed? for Unit m £
] &
S et p
v

Figure3.3. Simulation workflow of the PBU project

PBUs were delivered twice a week, and 18 PBUs were delivered by 6 trucks each time.
Different random weghts were assigned to PBU types to determine the probability that a PBU
type &) would be delivered. For example, when a vector of [8, 8, 2] was assigned to [PBUA,
PBUB, PBUC], PBUA and PBUB had a chancey#y ¢ ¢ zZpmm 1 ® Pto be
delivered while PBUC had a chancec@fy ¢ ¢ zp 1 p p Ito be delivered. Based on
data collection and constant interviewing of thesda managers, the worst modular delivery
could only contain one type of PBUs, while the best would have an ggqalbf PBUs; the
minimum chance of crane availability was 60%, while the maximum was 80%; and the minimum

number of workers available was 4, while the maximum number of workers available was 10.



Based on these facts, as showitable3.1, three levels of planning reliability, high, middle, and
low, were defined for the PBU fabricator, crane, and worker:

(1) PBU arrival reliability: This is measured byethotal deviation of deliveries from the best
scenario. For example, when 8 PBUA, 8 PBUB, and 2 PBUC were assigned, the deviation
was calculated ag) @s ¢ ¢s L o¢s Y The lower the deviation of PBU
delivery, the higher the reliability. In the besise in which 6 PBUA, 6 PBUB, and 6 PBUC
were delivered, the deviationwggs ¢s I ¢s I ¢s T Inthe worst case in
which only one type of PBUs was delivered, for example, 18 PBUA, 0 PBUB, and 0 PBUC,
the deviation wagp ¢ ¢s St ¢@s gt ¢@s ¢ T Therefore, the range of PBU
arrival reliability could vary from O to 24.

(2) Crane availability: In general, 70% of the time availability was observesitenThe
expected range was from 60% to 80%. The higher the availability of a crane, the higher
reliability of completion. Given that PBU installation was a critical activity, it generally
had a higher priority for lifting.

(3) Worker availability: In general, five workers were assigned based on the observations.
According to the safe lifting operations, the nmm number of available workers was
10, and the minimum number of workers was 4, considering the necessary human force to
push PBUs into corresponding positions. The more workers assigned for installation, the
higher the completion reliability. A PBU indi@ion time for each level is also presented
in the Table.

Notably, the categorization for different reliability levels can be adjusted based on the

projectds needs (Chedetal 2020;d ivwei ab 2028ategorizek the reliability
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levels in more detail, and it is plausible to leverage this ldetaiategorization and develop
simulation modeling for Shapley value calculations.

Table3.1. Reliability level for each collaborator

PBU
Reliability Fabricator Crane Worker
level . o Worker Installation Time:
Deviation Availability . .
Assigned minutes
High (0, 8) 80% (7, 10) (66, 76)
Middle (8, 14) 70% 4,7) (80, 90)
Low (14, 24) 60% 4 (100, 111)

This study first analyzed each oudomesintr act
terms of the cost before permutating and comb
to investigate their interactive situations and quantify the marginal outcomes. As a result, 27
combination scenarios were formed. The simulatias run 50 times for each scenario, and the
working time was 6 days per week and 10 hours per day. The outputs of the simulation model are
as follows:

Project duration: This is the time it takes to complete installing 120 PBUs.

Total project cost: This iiedes the costs of PBUs, crane operation costs, worker salaries, and
indirect costs. On average, each PBU costs $5,400, including fabrication, shipping, and
delivery. A crane per day costs $1,200, including renting, crane operator, and maintenance
costs. & needs to pay an installation worker team $1,000 per day. For each subcontractor, a
higher reliability level requires a higher cost investment. According to the data collection, each
PBU costs $5,420 if the PBU fabricator performs at high reliability $n880 if it performs

at low reliability. Crane costs will not change at different reliability levels, although more effort
will be required for orsite coordination. Installation team costs depend on the number of

workers assigned to the project. Theiiadt cost is $2,000 per working day.
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The simulation underwent calibration via verification and validation procedures.
Verification confirms accurate reflection of the conceptual model in the simulation, whereas
validation ensures faithful representationtlee system(Shi 2002)suggested a chronological
examination of simulation activities for proper sequencing. A simulation report was created using
STROBOSCOPEOGsSs Trace function and compared aga
operations. Me GC t eambs project managers al so wver
assumptions to accurately reflect the construction process
3.4.3 Shapely Value Calculation

The PBU installation process involves three types of participants: PBU Fabricator (PBU
Fab), Cram, and Workers. An example is shown below to explain how to calculate the saved costs
attributed to the PBU Fab. 06 ™00 GvRi QQE i o, andQ 0 6 "Ow.aThe
first step focuses on excluding the target person, PBU FKalm the group, resulting

61 o®i QQi1 The possible subsets for this remaining group are listed in S =
P hoi ohdé 1 QBBI OOE T QQIThen,Y represents the difference between two
costs, 0 Y “Q 0 Y isused to calculate the marginal value of adding pl&aethat subset,

representing the fundamental concepts of the Shapley value. Therefore, the four marginal values

areYu, DO Y0 i YO o ﬁ . As shown in Table
2, the values for
0, FO RVIR V) V) o fo o ) o 0 o o

are $775,596, $768,876, $772,278, $766,776, $766,650, $760,182, $762,156, and $753,966,
respectively. Thus, the saved c¥st f; =-($768,876- $775,596) = $6,720. Consequently,

YOu, o YU ﬁ YU o are equal to $6,720,

¢

$5,628, $6,594, and $8,190, respectively.



Next,SY¥A¢ $% p Ais used to calculate the number of permutations for each subset,
excluding playefQ Whens T, there aresA p way to form setS prior to PBU Fald s
addition, and¢ $% p A ¢ possible ways to add the remaining players afterward. Now, we

sum all possible $&8"Yand average it by dividing 8 A ¢ (the number of possible orderings
of all subcontractors), which yields a scaling factor fufr a subset with size 0. This scaling factor

averages out the effect that the rest of the team members have for baeh ssze, so the

composition of the rest of the team members

result. Therefore, the scaling factors for
YO i Y0 R Y0 R Y0 0 R are -, -, -, -
accordingly.

Lastly, the bonus should be distributed to PBU Fab isAfx ¢ m- Ab@c Y

- Apwt- A wr Ajfrmhe benefits of Crane and Workers can be calculated in

the same way. As a resultetPBU Fab, Crane, and Workers should receive benefits of $7,007,
$4,319, and $10, 304, respectively.o

Table3.2. An example of a Shaplaesalue calculation

Case Performance Reliability Days Total Cost Saved Cost PBU Fab (SV) Crane (SV) Worker (SV)

1 (M, M, M) 304 $775596  $- $- $- $-
2 (H, M, M) 28.8 $768,876 $6,720 $6,720 $- $-
3 (M, H, M) 206 $772,278 $3,318 $- $3,318 $-
4 (M, M, H) 28.3 $766,776 $8,820 $- $- $ 8,820
5 (H, H, M) 28.3 $766,650 $8,946 $6,174 $2,772 $-
6 (H, M, H) 26.7 $760,182 $15,414 $6,657 $- $ 8,757
7 (M, H, H) 27.2 $762,156 $ 13,440 $- $ 3,969 $9,471
8 (H, H, H) 252 $753,966 $ 21,630 $ 7,007 $4,319  $10,304

*Note: Performanceeliability: (PBU Fab, crane, worker); H: High; M: Middle; SV: Shapley Value
This study considers (M, M, M) as the base case for all 27 possible coalitions described in

the Simulation Modeling section. Note that the value obtained 0 Y Q 0 Y canle
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either positive or negative, depending on whetmwting playerincreases or decreases project
profits (Maleki et al. 2020; Nandlall and Millard 2020; Winter 200&)negative Shapley value
means that the player makes negative contributions to the overall outcome. Thus, other players
might consider excluding this player from the ggiHausken 2020)For example, to calculate the
Shapley value for the case (L, L),iktight possible scenarios can be formulated as (M, M, M), (L,
M, M), (M, L, M), (M, M, H), (L, L, M), (L, M, H), (M, L, H), and (L, L, H). Then, the value
assigned to each participant can be similarly derived as described in this section.
3.4.4 Smart Contracand Blockchain Development

Figure 3.4 shows the pseudocodes for translating the developed Shapley value payment
rules to smart contract executable codes. In general, the inputs for smart contracts represent the
reliability level of the PBU fabricator, crane, and workers. The outputs are edptaenario
notifications, automatic rewards transfer, and penalty requests for the PBU fabricator, crane, and
wor ker s. | it htemtoalc,on2li t nbhs are subject to a
corresponding payments to each participant conforthed&shapley value results. Algorithm 1 is
the smart contract activation function. Algorithms 2 and 3 show an example of the PBU
fabricatorés reward and penalty, respectively
language (version 0.8.14). Renitthereum (version 0.11.0) Integrated Development
Environment (IDE), which is a asetup tool with araphicalUserInterface (GUI), was used to

develop smart contracts.

90



Algorithm 1: Smart Contract Activation

Input : PBU address, crane address, worker address, PBU reliability,
crane reliability, worker reliability

/* Reliability level: 0 -> low, 1 -> middle, 2 -> high */

Output: Notice of PBU fabricator, erane, and worker payment

initialization:

2 if (PBU == 0, erane == 0, worker == 0) then
3 emit Notice(PBU: -10896 ether, crane: -5195 ether, worker: -5986
ether);
/#* case 1: all perform low reliability */
4 ../* case 2 - case 13 */
else if (PBU ==1, crane == 1, worker == 1) then
emit Notice(PBU: 0 ether, crane: 0 ether, worker: 0 ether);
/#* case 14: all perform middle reliability */
7 ../* case 15 - case 26 */
g else if (PBU == 2, crane == 2, worker == 2) then
9 emit Notice(PBU: 6665 ether, crane: 4108 ether, worker: 9802
ether);
/* case 27: all perform high reliability */
10 else
11 | return False;
12 end

(@)

Algorithm 2: PBU Reward Allocation

Input : PBU reliability, crane reliability, worker reliability

Output: Reward the PBU

/* same for other specialties */
1 function Reward|();
2 if (PBU == 2, crane == 0, worker == 0) then

3 require(msg.value == 2815 ether);
/* require payment value is 2815 ether */
4 PBU.transfer(2815 ether);
/* transfer 2815 ether to PBU’s address */
5 emit SendMoneyNotice(PBU: 2815 ether);
/* send notification =/
6 ..
7 else if (PBU == 2, crane == 2, worker == 2) then
8 require(msg.value == 6665 ether);
9 PBU.transfer(6665 ether);
10 emit SendMoneyNotice(PBU: 6665 ether);
11 else
12 return False;
13 end

(b)
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Algorithm 3: PBU Penalty Allocation

Input : PBU reliability, crane reliability, worker reliability

Output: Penalize the PBU

/* same for other specialties */
function RequestPenalty();

if (PBU == 0, crane == 0, worker == 0) then

require(msg.sender == PBU);

/* required penalty party is PBU ®/
4 require(msg.value == 10,896 ether);

/* require penalty value is 10,896 ether *f
address(this).transfer(10,896 ether);

/* transfer 10,896 ether to the smart contract */
6 emit SendPenaltyNotice(PBU: -10,896 ether):

/* send notification ®/

W e

o

-1

8 else if (PBU == 0, crane == 2, worker == 2) then
9 require(msg.sender == PBU);

10 require(msg.value == 13,667 ether);

11 address(this).transfer(13,667 ether);

12 emit SendPenaltyNotice(PBU: -13.667 ether):

13 else

14 return False;

15 end

(c)
Figure3.4. Pseudocges of the smart contract function: (a) smart contract activation; (b) PBU
reward function; (c) PBU penalty function

Figure 3.5 shows a framework for developing a blockchain network. Ganache (version
7.2.0) can create a personal Ethereum blockchain on the local network. Ganache provides a
RemoteProcedureCall (RPC) Ink that allows smart contracts to run on the fetched blockchain
network. Ganache can also create a unique identity (called an address) and initiate an account
balance for each subcontractor. Subcontractors can log in to MetaMask (a decentralized crypto
wallet, version 10.11.3) and use the PRC link to interact with the target blockchain. The contracts
were then compiled using an Ethereum compiler called Truffle Suite (version 5.4.8), a framework
made specifically for blockchain development on Ethereum d¢baverts smart contracts to

machinereadable code.
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Blockchain Events Real-World Events

PRC PRC
Private Ethereum Blockchain ========ssssssees Smart Contract ======sssssssesesen MetaMask
5“ B 3 | Deploy to — 3 | Interact with Users’ digital wallet using
A | 4 computers/mobile
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> applications
.M’F 3 | Store 3 4 | Request approval w
= Example:
1 | Generate a local blockchain Shapley value I GC ADDRESS
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L 2
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g b 5 and match scenario 4 ) Transfer data
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5 . : X
! authorized S0 the information Reward Worker reliability: Z
blockchain .
scenario?
v
No

Database:0x68588...1b948 5 Yes —q 5
PBU:0xE87cC...6Dec0

Crane:0x66021...6F214 Assign Request
Worker:0x3deDD...51154 rewards penalties

Figure3.5. Smart contract development workflow

3.6.Result and Analysis
3.5.1 Simulation Results

Permutating the different reliability levels of each collaborator yielded 27 possible
situations, as shown ihable 3.3. Based on the collected dataeith were no other possibilities.
Therefore, the reward/penalty calculations were justified fairly. Monthly payments for each
participant were used for payment consensus. For example, in Case 27, given 24 working days per
month, the monthly payment for tRBU fabricator was $7,007 / 25.2 * 24 = $6,665.

The initial results showed that as subcontractors increased their reliability levels, the
project durations were shortened, and costs were saved. For example, compare Cases 1, 10, and
19, inwhichthe PBUfar i cat or 6s reliability increased fr
were at low reliability levels. The project durations were 38.9, 34.2, and 33.8 days, and the costs

were $811,380, $791,808, and $790,128, respectively, indicating improvementmwdsting in
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a higher reliability level. The average wait time for the crane and installation workers also
decreased accordingly. This is because reliable PBU delivery can create a consistent material
release, which benefits the downstream hagpstandinstallation works. Marginal contributions

can also be quantified in terms of cost. Similar results were found for cranes and workers.
However, we found that the marginal benefits of investing in higher reliability decreased, mainly
due to the limited redibility level of the others. Investing in higher reliability could not maximize

its benefits without collaboration from othefdgure 3.6 presents tb Shapley values for each
subcontractor under different cases. The value of each column represents the payments based on

the contributions, providing optimal tradéfs under every possible risk and reward scenario.

Shapley value under different cases
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Figure3.6. Shapley values under different cases
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Table3.3. Simulation scenarios and results based on the different levels of performance reliability

Case Pe_rforr_nance Duration Cost Average Wait Time Payment Assigned Based on the Shap Monthly Payment

(€8] Reliabiity (2) (3) (Hours/PBU) Value

Total (4) Saved (5) Crane (6) Worker (7) PBU Fab (8) Crane (9) V\/((irok)er PB(Lilljab. Cirlazr)le V\/((irgk)er
1 (L, L L 38.9 $811,380  ($35,784) 1.01 0.55 ($17,661) ($8,421) ($9,702) ($10,896) ($5,195)  ($5,986)
2 (L, L, M) 37.4 $805,080  ($29,484) 0.94 0.80 ($17,472)  ($12,012) $ ($11,212) ($7,708) $
3 (L, L, H) 35.7 $797,940  ($22,344) 0.79 0.92 ($17,493)  ($12,285) $7,434 ($11,760) ($8,259) $4,998
4 (L, M, L) 37.3 $804,828  ($29,232) 1.40 0.42 ($15,939) $ ($13,293) ($10,245) $ ($8,544)
5 (L, M, M) 34.3 $792,060 ($16,464) 1.19 0.56 ($16,464) $ $ ($11,520) $ $
6 (L, M, H) 32.7 $785,466 (%$9,870) 1.04 0.68 ($17,577) $ $7,707 ($12,889) $ $5,651
7 (L, H, L) 37.8 $806,844  ($31,248) 1.88 0.47 ($17,878) $980 ($14,350) ($11,345) $622 ($9,106)
8 (L, H, M) 34.1 $791,304  ($15,708) 1.53 0.53 ($17,745) $2,037 $ ($12,482) $1,433 $
9 (L, H, H) 31.6 $780,888 (%5,292) 1.35 0.59 ($18,018) $3,528 $9,198 ($13,667) $2,676 $6,977
10 (M, L, L) 34.2 $791,808  ($16,212) 0.64 0.17 $ ($6,699) ($9,513) $ ($4,696) ($6,668)
11 (M, L, M) 33.0 $786,600  ($11,004) 0.56 0.44 $ ($11,004) $ $ ($8,003) $
12 (M, L, H) 31.6 $780,510 ($4,914) 0.43 0.58 $ ($12,369) $7,455 $ ($9,409) $5,671
13 (M, M, L) 33.7 $789,414  ($13,818) 1.13 0.11 $ $ ($13,818) $ $ ($9,849)
14 (M, M, M) 30.4 $775,596 $ 0.84 0.21 $ $ $ $ $ $
15 (M, M, H) 28.3 $766,776 $8,820 0.67 0.31 $ $ $8,820 $ $ $7,485
16 (M, H, L) 33.1 $786,894  ($11,298) 1.48 0.08 $ $2,919 ($14,217) $ $2,118  ($10,318)
17 (M, H, M) 29.6 $772,278 $3,318 1.18 0.15 $ $3,318 $ $ $2,691 $
18 (M, H, H) 27.2 $762,156 $13,440 0.95 0.21 $ $3,969 $9,471 $ $3,505 $8,363
19 (H, L, L) 33.8 $790,128  ($14,532) 0.64 0.12 $3,969 ($7,434)  ($11,067) $2,815 ($5,272) ($7,849)
20 (H, L, M) 32.0 $782,274 ($6,678) 0.50 0.36 $5,523 ($12,201) $ $4,146 ($9,159) $
21 (H, L, H) 30.2 $775,008 $588 0.33 0.47 $5,894 ($13,132) $7,826 $4,678 ($10,422) $6,211
22 (H, M, L) 33.0 $786,726  ($11,130) 1.06 0.05 $4,707 $ ($15,834) $3,420 $ ($11,505)
23 (H, M, M) 28.8 $768,876 $6,720 0.74 0.09 $6,720 $ $ $5,604 $ $
24 (H, M, H) 26.7 $760,182 $15,414 0.52 0.16 $6,657 $ $8,757 $5,982 $ $7,869
25 (H,H, L) 32.4 $783,912 ($8,316) 1.42 0.02 $4,620 $2,835 ($15,771) $3,426 $2,103  ($11,697)
26 (H, H, M) 28.3 $766,650 $8,946 1.07 0.04 $6,174 $2,772 $ $5,245 $2,355 $
27 (H, H, H) 25.2 $753,966 $21,630 0.82 0.05 $7,007 $4,319 $10,304 $6,665 $4,108 $9,802
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3.5.2 Payments and Incentives for Subcontractors

The Shapley values showed three incentives to motivate collaboration. First, there were
always penalties for a low reliability level, no payments for a middle reliability level, and rewards
for a high reliability level. Therefore, a subcontractor might collaborate to avoid penalties.
Moreover, comparing Cases 1 and 9able 3.3. Simulation scenarios and results based on the
different levels of performance reliabiljitthe penalties for the PBU fabricator were lower when
all subcontractors were in low reliability, whereas the penalties were higher when only the PBU
fabricator was in low reliability. This is bec
in the team in Case 9, who should be blamed most for the cost overrun. The project gets worse
with his/her participationFigure 3.7 presents the reward#palty amounts for each subcontractor
after fixing each subcont rFRgore3d (apirglicategthatveneni | i t y
the PBU #&bricator performs at low reliability, the penalty amount for the PBU increases as the

crane and workers perform more reliably.
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Figure3.7. Visualizations of payments under differeollaborative scenarios

Second, individual high performance emerged as the dominant strategy for guiding a

rational player to perform at a high reliability level. This rational player is also motivated to

encourage other

p | ay evehsgh reliability to maxenizd overalirawarcls t o ¢

enabling fApeer production. o Although in both

high reliability level, this player gained more profits in Case 20 because installation workers
committed a highereliability level to achieve overall cost improvements from collaborations.
PBU fabricators can negotiate and push installation workers to a higher reliability level to
maximize their rewards. Conversely, workers also have the same incentives when the PBU
fabricator can work at a higher reliability levEigure3.7 (d) also shows that the reward amount

for PBU increases as the crane and workers parfarore reliably because all project
subcontractors

become fiteam pl ayers. o

Third, investing in higher reliability can help project participants save overall dadike

3.4 lists the differences from the perspective of traffe between investment and return. For
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example, based on the cost data illustrated in the Simulation Modeling section, the PBU fabricator
will invest $645,600 ($5,380 x 120) at lealiability and $650,400 at high reliability. Considering

all the low reliability scenarios for the PBU fabricatofTiable3.4, an average penalty $17,631

was assigned to the PBU fabricator. On the contrary, an average reward of $5,697 was assigned to
the PBU fabricator for higheliability scenarios. Hence, the total cost when performing at low
reliability ($662,961) is higher than when performiaigmiddle reliability ($648,000) and high
reliability ($644,703). Therefore, even though the PBU fabricator saved some initial money when
planning at low reliability, planning at high reliability generated the lowest overall outcomes when
the Shapley vakl was enforced in the contract, which also exhibited another motivation for a
higher reliability level.

In summary, the Shapley value method is trustworthy in contracts because rewards and
penalties can be justified fairly under each scenario. There mee for a central command to
allocate risks manually. Therefore, communications and collaborations can occur automatically
without human judgment, and a wivin situation can be realized.

Table3.4. The tradeoff between investment and sharable profits for each subcontractor

PBU Fabricator Crane Worker
Investment SV Sum Investment SV Sum Investment SV Sum
Low $645,600 -$17,361 $662,961 $40,907 -$10,617 $51,524 $13,964 -$13,063 $27,027
Middle $648,000 $0 $648,000 $38,027 $0 $38,027 $19,193 $0 $19,193

High $650,400 $5,697  $644,703 $37,240 $2,964  $34,276 $23,929 $8,552  $15,376
Note: Shapley Value (SV)

3.5.3 Smart Contract Validation
The reliability data will be automatically obtained and used to trigger the smart contract in
this chapter As-built images can be fetched through-site cameras and uploaded to the

blockchain through the IPFS system. These images can be used to aalbmelassify the
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construction progress through a deep learning framework. The classified results can be leveraged
to automatically trigger smart contract executions by establishing a dApp. The details of the
obtaining and triggering process can be foundur previous studig€hen et al. 2022, 2023c)

The smart contract validation started with assigning a unique identification of each
participant in the blockchain network (séable 3.5). In this stuly, each subcontractor team had
one accountFigure 3.8 shows the payment process for each subcontractor. If the PBU fabricator
delivers six PBUAs, si¥PBUBSs, and six PBUCs per batch, the crane is available 80% of the
working time, and eight workers are assigned. They are categorized at a high reliability level. In
this case, the smart contracts need to reward ETH 6665, ETH 4108, and ETH 9802 to the PBU
fabricator, crane, and worker separately in a monthly payment.

Table3.5. Default information for project participants in the blockchain

Party Unique Address in the Blockchain Initial Balance (ETH)
Database 0x68588347fFe54d01DBDFeEf92bB57635dF31b948 1,000,000
PBU Fabricator OXE87cC9250AEC8999254bc369866B9F840146Dee0 1,000,000
Crane 0x6602100D58b03e899088e66E732161Db19C6F214 1,000,000
Installation Worker 0x3deDD1f592Da7332e053D4a962cA5bE325B51154 1,000,000

Smart contracts request the addresses of involved participants and that the reliability level
for each subcontractor processed by the central database for activationHigure 3.8). Once
successfully triggered, a notification wil/ I
function, showing that fAémmbaopibeo: "TRBB6&cebhant
Acrane accounto can gain Aamount 20: AR4108 et h
Aamount 30: A9 802 dtFigueeB.§). Tlrese amoumiseare texadatly tiie same as
those derived from the Shapley values. Payments for the PBU fabricator can be released through
the APBU rewardo function to assign 6665 Eth

work er s . Bl ockchain | ogs show that money has b
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( inFigure3d.8). As payments go through, any operationghasmart contract can be recorded,
secured, distributed, and traced in the-teaé blockchain. It is important to note that any smart
contract transaction will consume a small amount of gas fees (similar to transaction fees), which

is the fuel that atiws the Ethereum network to operate.

Web3 Provider

Custom (5777) network

0x685...1b948 (999999.96; <

Central
3000000 Database

0

NoticeContract - sp.sol

DEPLOY

payhere
PBU_penalty

PBU_retainage

Figure3.8. Smart contract executions when all subcontractors perform high reliability

Figure 3.9 shows that the PBU fabricator, crane, and workers receive the correct amount
of benefits across multiple platforms (Rentithereum, MetaMask, and Ganache) in the
blockchain network given theeward scenario described above (PBU: initial 1,000,000 + reward
6,665; crane: initial 1,000,000 + reward 4,108; worker: initial 1,000,000 + reward 9,802).
Collaborators can pull data promptly from their crypto wallets and blockchains to trace
performancend transaction information. Ganache records detailed information about each block,
transaction, contract, and any events in the blockchain, providing a structured, organitiedereal
reference for project supervision. Subcontractors can click diffexams to visualize and monitor

project performance.
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Figure3.9. Information synchronization in the blockchain system

Smart contracts can automatically detect and reject malicious operations. For example,
Figure 3.10 shows that only ETH 6,000 ( in Figure 3.10) is assigned to the PBU fabricator
instead of ETH 6, 665 t hr oug hinRighre3.1Q.dhisdriggg®®BU _r e
an error window that pops up to indicate the potential failures for transactiomsigure3.10).

Hence, s mar t-e ncfoonrtcreantetnstdé csaen fguar antee a fAyou
have done what you have earnedo mentality bas
rewards can be judged and enforced without human involvement, yielding an incentive and

decentralized work environment.
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Figure3.10. Malicious smart contract operations detection

3.7.Discussion

Blockchain is essentially a governance tool to realize various rules executions. Blockchains
introduce decentralization that removes the need for intermediaries that can potentially reshape the
structure of operational management and information sharitagsi€al project delivery is
managed t hr owagdt o Mitcroomim@ n avi t h | ayers of contr
hierarchieg(Levitt 2011) Therefore, realime information must pass through multiple vertical
tiers and hierarchical systems, leading tmalesponses. With blockchains, the traditional pyramid
structure is replaced by a horizontal one, where each actor communicates data itogp@eer
network to support datdriven bottoraup and collective decisiemaking. Furthermore,
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traditional constiction management lacks effective strategies and mechanisms to remove project
constraints promptly when they are detected, resulting in delayed responses until project
completion. Project managers either accept the outcomes if the loss is tolerablertotoreso
litigation if intolerable. Blockchain can bring out instantaneousness where reliable completion can
be motivated or enforced. The participants who face instant reward or penalty can improve their
performance and enable continuous learning, whichheae a significant impact on the overall
performance in the remaining phase of a project.

Project managers encounter the challenges of determining the amounts of rewards or
penalties for each participant instantly in the dynamic and uncertain constrestisonment.
There is a lack of mechanism for managers to calculate the reward and penalty amount based on
marginal contribution of each participant to motivate reliable completion. Managers usually have
to wait until the end of a project to evaluate h@vese the problem is and devote a significant
amount of time and effort to determine the amount and collect evidence to prove it. Project
participants are usually not motivated to have reliable completion during a project because there
is a lack of a mectmasm to motivate on time completion instantly.
3.8.Conclusion

Blockchain and smart contracts have attracted broad attention to facilitating information
sharing and promoting collaboration. Recent studies have indicated that decentralization could
align well with the lean approach to support bottam collaboration, and the coordination
mechanisms encoded in smart contracts play a significant role in guidingrgaaiization.
However, none of them went beyond the theory. This study introduced a Shaplebassdde
smart contract to achieve its objectives. This study used simulation modeling to exhaust all

possible collaboration scenarios. Then, a Shapley value was applied to determine the payment

103



rules. Lastly, the payment rules were enforced through a snrdracband blockchain network.

As a result, all the possible reabrld interactions can be standardized and quantified, which

allows rewards and penalties to be attributed and allocated fairly to different subcontractors. This

also decentralizes the alltaon of risks without central command.

The contributions of this study to the

marginal contributions to the project through simulation, and 2) determine how to distribute fair

collaborative outcomes wheroject participants can perform at different levels of effort. This

study developed a simulation model to quantify the marginal contributions using empirical data.

Establishing a fair benefit distribution system for construction projects, in which parnisioften

need to work together in a highly uncertain and interrelated enviror{fert al. 2022b, 2023)

is challenging. There is a lack of objective mechanism for construction projects to motivate reliable

workflow automatically and instantly. Thistudy innovatively developed a Shapley value

bod

approach to determine fair reward and penalty

This method allows the fair acknowl edgment
motivate subcanr act or s6 <col |l ective efforts toward
rules in construction contracts can shape

desired outcomes, enabling an efficient -setftivated system. Shapley valbasedsmart
contracts allow subcontractors to negotiate and achieve bafiooollaboration and decision
making rather than traditional tafown controls. This approach can significantly improve trust
and accountability among project participants since congémaftircement is based on objective
rules and transparent mechanisms, rather than subjective centralized judgmedeuel gskject

participants can prognose and diagnose-l@sil uncertainties during collaboration, leading to
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prompt decision responsasn d hi gher HApeer productiono. It a
management, which in turn can minimize administrative costs and improve efficiency.
3.9.Limitations

There are several limitations to this study. First, this study is limited/&siigating only
the interaction of three project subcontractors (material, equipment, and worker) in MC. Other
constraints, such as weather, prerequisite work delays, space availability, and design and work
methods, are not fully considered in this studpwever, the methods developed in this study
provide a preliminary benchmark for quantifying the dynamic impacts of these interactions. One
of our ongoing research aims to model Koskel a
order to prognosand diagnose uncertainties beforethé@hen et al. 2023aMore sophisticated
constraint removal methods can be integrated to handle complex construction dynamics. Second,
asGrigg (2004)ecognized, it is necessary to pair smart contracts and contracts so that the smart
contract can be consistent with legal enforcement. This study used simulation models to mitigate
the exception impacts by exhausting all possible situations. Other cigksasuch as change
orders, can also be quantitatively using simulation modeling to optimize the change order
management procegbu et al. 2016) One way to address change orders is to simulate each
participantos per f or manuwed and hhem calaulata thg margmal d e r s
contributions with various change orders. However, there is no such pledge that it can handle an
event that comes as a surprise but has a maj ol
that is considered aaxtreme outlier and collectively plays a vastly larger role than regular
occurrencegTaleb 2009) In this unreal situation, the smart contract tends to be vulnerable and
blunt. New smart contract update methods, such as contract migration, data @eppraky

patterns, strategy patterns, and diamond patt@task 2022) can be considered to minimize
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turbulence. Third, this study assumed the existence of a trustful central database that is responsible
for smart contract data input. However, the cardatabase might also suffer from a single point

of failure in which unreliable data or information might be processed and used for smart contracts.
Researchers might also consider integrating decentralized databases and information processing
techniquedo minimize such an issue. For example, future studies could develop methods that
leverage widely distributed sensors and implement federated machine learning to capture and

process data in a decentralized manner.
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4.1. Abstract

Reliable construction workflow relies on timely discovery, analysis, and checking of
compliance with contract terms, which are ttomsuming and inefficient tasks. Smart contracts
enabled by blockchain technology have demonstrated promise in addressingffitiencies of
data communications due to their merits of traceability, immutability, transparency, and self
enforceability. However, a s mawotld datoisthern@miot 6 s i

issue that impedes further implementatbro d ay 6 s i ncr e a shuilidptaprovaés! abi |
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automatic condition assessments that have great potential to automate smart contract executions.
This research area is uncharted territory fedustry This study presents an automatic
decentralizd management framework by exploring imdgsed deep learning solutions to
automate and decentralize the conditioning of smart contract executions enabled by a web3.js
based decentralized blockchain application. It was found that the model can autonzafemeanrt
intelligence with minimum workflow interruptions by timely identification of bottleneck activities
and enforcement of mitigation strategies. Project managers can use the blockchain prototype to
enhance information sharing, remove key risks, andlere reliable workflow with minimum
management efforts.
4.2. Introduction

Construction processes have long been plagued with problems associated with variations
that undermine project performance and disrupt workflow, leading to project delays, cost overruns,
and quality defect@Ballard 2000; Hamzeh et al. 2012; Liu et al. 20T1mnely detection of project
performance and efficient information sharing are crucial to guaranteeing quality, compliance, and
progress factors frequently interconnected in thanstruction industryLu et al. 2022) Current
construction practice relies on central parties to document work progfasset al. 2018)
organize production planning meetinglavanmardi et al. 2020and check compliance with
contractdZhou andcel-Gohary 2016)These tasks are often done manually and essentially rely on
humancentered judgments, which are time consuming, inaccurate, and inefficient. According to
(McKinsey 2017b) many project stakeholders struggle to identify and use haactadtaseline
project performance, which is a major factor influencing productivity improvement. Consequently,

information exchange is poor and inconsistent, leading to late dec{3ialebiyan and Duenas
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Osorio 2020)and distrust among stakeholdéfezel et al. 2021)Project managers need a more
efficient information feedback system to facilitate information sharing and decrs&ing.

Smart contracts enabled by blockchain technology have demonstrated promise in
addressing the inefficiencies of datommunications. According to a report 3BwC 2020)
provenance is the number one factor driving blockchain adoption for business. Secure information
exchange is a bl oc k c h a(Datoiites202h)oSsnart ceniragts prdvidlecaa nt  u
reliable means of automating management stipulations based on certain detected events, such as
assigning payments based on the progress of (ttaknledari and Fischer 2021kgrdering the
next phase of material delivery when a phase of material is rec@ivedt al. 20213)and
triggering rework if current work fails a quality inspection ch€dku et al. 2021c)However,
automating and enforcing reliable smart contract executions is still far from reality, and the current
smart contract applications ne#r support the use of the progress data nor can they enable
automation. This is partly due t o-wdlhdataWWumar t c
et al. 2022band partly because the decentralized nature of blockchains is seemingly incompatible
with current centralized construction practi¢es et al. 2021h)

Todayds increasing av a-bdiltgprogress daty, empdwersdebyna nt i
robotics(Liang et al. 2021)machine learningAustin et al. 2020; Brilakis et al. 2010; Dimitrov
and Golparvafard 2014)and BIMs(Braun and Borrmann 2019; Kropp et al. 2Q18ptivates a
move toward automatic condition assessments to minimize managerfuetd &f improving
workflow reliability. The captured dsuilt data are either compared with one anofMustafa
and Hegazy 20219r against a 4D BIMBraun and Borrmann 2019; Han and Golpai#vard
2015) providing the estimated state of construcpoogress. These methods have great potential

to serve as evaluated conditions and to automate smart contract executions. Opportunities exist to
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bridge the communication between blockchains andlifeatonstruction processes through the
automatic asses@nt of the asuilt data. However, this research area is uncharted territory. It is
not clear (1) how abuilt data and its output should be represented universally in the blockchain
network, (2) what possible smart contract governance mechanisms shaltapdgven potential
detected results, and (3) how to coordinateuwk data to decentralize smart contract executions
in the same platform.

To address these limitations, tiisapterntroduces an imageased deep learning solution
to automate and dectalize the conditioning of smart contract executions. The objectives of this
research were (1) to investigate i mdagased deep | earning methods
performance as smart contract external inputs, (2) to identify smart contraricsamd optimize
stipulations through a simulation model, and (3) to implement a dApp to synchronize detection
results and automate smart contract executions. The study first investigated the feasibility of using
unordered images and deep learning maet$assify critical path activities and their completion
status into different categories. This integration aimed to declare a treadable and machine
understandable format for recordinglaslt images on the blockchain. Then, a simulation model
wasdeveloped to generate smart contract stipulations, including possible detected progress and
corresponding risk mitigation strategies. This was followed by the development of a viels@gs
decentralized blockchain application to program smart contrgctiaions and coordinate with
the recorded images. Finally, framework applicability and performance were tested using an
illustrative design example. Project managers can use the developed blockchain prototype to
enhance information sharing, remove keksjsand enable a reliable workflow with minimum

management efforts.

110



4.3. Literature Review
4.3.1Blockchain and Smart Contract

A blockchain is a type of DLT where all transactions are digitized and decentralized. A
blockchain is a database recording all transactwrdigital events that are executed and shared
among the participants in a transparent netwWgdang et al. 2020)

Blockchain networks can be classified into public and private blockchains based on their
level of openness and governarfgéu et al. 2021 The main distinction between public and
private blockchains is who can participate in the network, execute the consensus stipulation, and
maintain the shared ledger. For example, a public blockchain network is completéyapame
can join and partipate in the network. Anyone can see the ledger and take part in the consensus
process. Bitcoin is one of the largest public blockchain networks in production today. However,
running a public blockchain requires substantial computational power to maantksétributed
ledger on a large scale. No privacy for transactions is another drawback when considering
blockchain use cases. Conversely, a private blockchain is designed for a specific organization
where only preadentified users can see stored informoatin the blockchai(Elghaish et al. 2021)

A private blockchain can only achieve a partially decentralized situation but will allow customized
consensus instead. Since private blockchains have fewer nodes, it is easier to control a bad actor,
which might be the right fit for construction projedtsirthermore, private blockchains have strong

data privacy, where any change can be made simple when all nodes agree that the data can be
changed by consensdamida et al. 2017)Therefore, construction procurement, design, and
operation data can beosed and fetched readily through a private blockchain.

Smart contracts are scripts run on the blockchain, and they can implement consensus

stipulations and allow participants to reach a consensus based on predefined rules without a trusted
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third party(Luetal. 2021a) Smart contracts work on the #fAl F/"
Al F/ WHENO is the trigger condition for respor
executed after the triggé€8heng et al. 2020fFundamentally, it is a digital tgpof contract without
a central governess. Contractual construction stipulations or clauses can be coded into smart
contracts in conjunction with cryptocurrencies to improve the insolvency of payments withheld
and not paid on timgrang et al. 2020)As a result, the key is to derive smart contract stipulations
to streamline construction workflow, where few efforts have been made in this field.
4.3.2 Blockchain Applications in the Construction Industry

Over the course of several years, new literature emerged at an average annual growth rate
of 184% for publications on blockchain in construct{@tott et al. 2021)Blockchain has been
investigated broadly in some specific construction processes, swstipply chain management
(Hamledari and Fischer 2021a; Wang et al. 20pMgress paymen{®as et al. 2020; Elghaish
et al. 2020) quality evaluatior{Sheng et al. 2020; Wu et al. 2021ahd performance inspection
(Lu et al. 2022) If blockchan-enabled information sharing can decrease 10% occurrence
frequencies of supply chain material quality problems, then the results will 38% reduction of rate
of overall cost§Wang et al. 2020)The smart contraenabled solution was observed to improve
the accuracy and completeness of information by 200% + compared witkofspaetice
digitalized payment systengslamledari and Fischer 2021d)hese use cases essentially can be
summarized as utilizing two major features of blockchain technologyfadiltating data
management via blockchainds traceability and 1
model s via the us-exeathbility.mizertraceabilbymftthe blackcsaim fostees! f

collaboration among construction staketeyks(Nawari and Ravindran 2019; Tao et al. 202hd

it increases trust in the data used in construction management appli¢atofeei et al. 2020;
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Turk and Klinc 2017) Increased transparency and trust are argued to be the key features that
enhame communication efficiencySafa et al. 2019; Wang et al. 202@ case study of
permissioned and public blockchains found this value proposition particularly important in
projects where stakeholders are geographically distant and it is hard to paatalilish trust

(Yang et al. 2020)The industry also needs a more reliable governance model to facilitate smart
contract executiondietal. 2019) Ef f ecti ve governance mechani s
and obligations, with sanctions for noncompliaf®an and Zhang 2020) acking a mature and
consistent governance model is the primary barrier impeding the deployment of smart contracts in
the industryHamledari and Fischer 202149 has been argued that blockchains may not promote
trust at all without effective governan{@/erbach 2018)Nevertheless, researchers aim to use
smart contracts to reduce the administrative load on repprtiogernance, monitoring
responsibilities, and risk transfé@an et al. 2019)

For transparency(Erri Pradeep et al. 202Hesigned a blockchain prototype for design
record keeping to improve design liability control and the auditability of the agehgecords.
(Wang et al. 2020puilt a novel blockchaktbased information management framework for a
precast supply chain in which the increased accessibility otinealinformation can be used to
reduce supply chain costs by monitoring the executibproduction processes and delivery
schedules. A drawback of such an approach is the lack of construction specifi¢atonst al.
2021)proposed a blockchaimased framework to facilitate collaborative BIM designs, minimizing
the cybersecurity riskef design data manipulation and denial of access. While the inherent
unsuitableness for storing largezed design files (e.g: BIMs) hinders blockchains from protecting
design data integrity. To address the isgege and Lu 2020)ntroduced a semantdifferential

approach to record changes of BIM in the blockchain rather than the entire model, reducing data
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storage needs. Other studies have integrated the Internet of Things, smart contracts, and
information models to improve the tracking of mainteraaad operation records for physical
assetgLee et al. 2021; Tao et al. 2021; Wu et al. 202Tbese studies are a great step toward
creating a shared and transparent view of information; however, they need to go beyond theory
and pursue further valitian in realworld projects. For governand@hmadisheykhsarmast and
Sonmez 2020)everaged schedule and payment data (including planned and actual completion
dates and budgeted and actual payments) by developing aonaddMicrosoft Project to
condiion smart contract payments. The results can protect main contractors, subcontractors, and
suppliers against the insolvency of the principal or late payments. Usability is one of the limitations
for their works.(Elghaish et al. 202@)eveloped a blockehn framework to execute all financial
transactions automatically, enabling automatic collaborations across the construction value chain
by reducing reporting overheads and transferring risk. Ensuring the flexibility of smart contracts
in handling unexpeetd cases will likely continue to be a significant challenge, because it is
impossible to patch epost when no governance mechanism for such adjustments is implemented
beforehand in the smart contrafitiinhevicz et al. 2021aJ o address these limitatis, (Chen et

al. 2022; Li et al. 2023)tilized a simulation model to develop possible stipulations, enabling smart

contracts to deal with dynamic construction scenarios.

4.3.3 Blockchain Oracles and Imaggased Progress Tracking

Blockchain oracles outline aufidamental limitation of smart contracts: They cannot
inherently interact with data and systems existing outside their native blockchain environment.
Oracles are middleware agents that can capture and validateorgdlinformation and feed it
into a blo&chain for the use of smart contradtsl et al. 2021a)There are two main types of

oracles: hardware and software. Hardware oracles supply information directly from the physical
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world and consist of, but are not limited to, RFID tags, Bluetooth sermmisGPS technology
(Chong and Diamantopoulos 202Rkeality capture technologi@ssuch as ossite robotics, UAV

based mobile cameras, Light Detection and Ranging (LIDAR), and sénsamnsalso be treated

as hardware oracles. However, these technologssat automatically interpret captured
information in a language that can be understood by smart contracts. Software oracles, however,
can extract specific information or data required from online sources for smart co(lteects
2019) Software oracles can automatically retrieve and submit website data (such as weather,
temperature, wind speed, etc.) to the connected smart contract on a blockchain (RedVeorét

al. 2018) Therefore, an ideal smart contract oracle would helpla&nsondeterministic external
information into formats that are explicit, enabling a blockchain to achieve reliable smart contract
executions.

The application of imagbased methods to evaluate construction progress has drawn much
attention from practibners and academia over the past few years. Researchers can easily collect
time-lapse images from fixed camera viewpoints and use advanced processing algorithms to
generate a body of operational information for project stakeholders. These methods terne pro
to be coskffective and efficient for the automated recognition and tracking of resdiitiedis
et al. 2011; Golparvarard et al. 2009; Gong and Caldas 20Tbese images are either compared
with one anothe(Mostafa and Hegazy 202(Yang & al. 2015)or against a 4D BIMBraun and
Borrmann 2019) (Han and GolparvaFard 2015)(GolparvarFard et al. 2011)providing the
estimated state of construction progress. For exaifipilajtrov and GolparvafFard 2014jrained
a classifier that could identify the surface material of components within an image under unknown
viewpoints and site illumination conditions. Their models leveraged extra material information

from timelapse images to identify the current operation st@gepp et al.2018) presented a
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model to recognize the actual state of construction activities frdsniismage data based onas
planned BIM data using computer vision algorithms, increasing the degree of indoor progress
monitoring automation. Once detection outesnand processes are assessed, existing knowledge
management, decisienaking, and feedback processes can advance resource and time allocation,
yielding a more reliable project outcorfieeizer 2015) Therefore, imagéased methods can serve
as blockchairoracles to deliver informative situational information and automate smart contract
stipulations.
4.3.4Gaps in Knowledge

The literature review reveals a need for increased attention to integrativgor&hldata
and governance models to make smart contractstipally implementabléHunhevicz et al.
2021a; Lu et al. 2021aMost studies have remained theoreti@hojaei et al. 2020and lack
validation(Tao et al. 2021)Little research has investigated the feasibility of integratiriguis
images orexplored smart contract stipulations to achieve full automation. Synthesis requires
communicating and coordinating -bsilt images in a humareadable and machine
understandable format without an unambiguous governance mechanism in smart ddvitnagts
etal. 2017; Wood 2014)t is unclear (1) how aluilt data should be represented universally in
the blockchain network, (2) what possible smart contract stipulations should develop, or (3) how
to coordinate abuilt data to decentralize smart contract@xions.

This study aimed to address the first limitation by investigating ifbaged deep learning
methods for automatically transferring-taglt images into blockchain usable information. To
address the second limitation, the authors sought thefidatitin of smart contract stipulations

specifically, who should be responsible and what optimal action items shouttirbegh a
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simulation model. Finally, to address the third limitation, a dApp was established to synchronize
steps 1 and 2 to automdle smart contract se#fxecutions with minimum management efforts.
4.4. Methodology

This section outlines the proposed blockchain framework for enhancing reliable
construction workflows in an automatic, trustworthy, and decentralized manner. The components
of the blockchain framework include a blockchain oracle, smart contract stipsladod a
decentralized blockchain application. As showrFigure4.1, the framework components were
realized through threstage development. In thest stage, critical path activity images were
collected and utilized to train a deep learning model in step A. The deep learning model aimed to
classify reaitime images into binary completion status (complete/incomplete) of an activity. The
classification results can indicate actual construction progress. In step B, the initial classification
results were further optimized by being subjected to a prerequisite constraint through a Bayesian
network. In the second stage, a simulatiased method was constted to derive possible
scenarios for smart contracts and investigate possible workforce assignments to mitigate the delay
risks in step C. In step D, different levels of risk and mitigation strategies were analyzed to
determine the optimal mitigation poji for smart contract implementation. Once the smart
contract stipulations were derived, this study programmed stipulations in the Ethereum smart
contract (the third stage). In step E, a dApp, which contained a frontend that linked image
classification reglts and a backend that linked the smart contract stipulations, was constructed
based on web3.js.This dApp was designed to run on the Ethereum blockchain outside the purview
and control of a single authority, which facilitated the functions of verifyirgpnding, and

sharing information.

117



Stage 1: Blockchain Oracle Development for Automatic Progress Detection
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Figure4.1l. Research framework

4.4.1 Data Collection

The case study project was a higge building with 33 floors above the ground and a one
floor undergroundbasement. The project duration was 22 months. The project adopted the
engineering, procurement, and construction (EPC) project delivery method. The general contractor
(GC) was responsible for procurement. The GC also hired a labor agent company thatibvid
the labor force for constructing the building structure above the ground. All underground structures
were subcontracted to specialty subcontractors. This research focuseesibm @mstruction
activities for building structures above the grounde Bpecialty trades included 13 bar placers,
14 carpenters, 7 pipefitters, 6 scaffolders, and 10 concreters. The labor agent company was flexible
in adding a few workers when acceleration was needed. The trades worked seven days per week

and ten hours petay, from 6:00 AM to 11:00 AM and 1:00 PM to 6:00 PM.
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A standard floor included 17 activitieBigure4.2 shows the critical path diagram of the
activities. The critical path is highlighted in double lines, and the five crews are color coded. The
values below each activity are the planned start time, duration, and finish time in hours for a
standard floor. This study used annotations to differenti@escworking in different activities.

For exampl e, ABO meant bar placers and #fAlo

(Erect/Tie Column Rebar Crews worked on the current standard floor before CA1l
Dismantle/Install Column/Wall FormAfter that,they worked on the upper floor, which is the

ceiling area of the current floor.
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Figure4.2. Critical path diagram
Unordered images were also randomly collected for critical path activities every half day
during rest time. Due to the repetitive building modes, each standard floor had the same building
activities and schedules. Therefore, the collected images fromea flmor could be leveraged to

train a deep | earning algorithm to classify

The trained model could be further applied to the upper floor fottirealimage classification as
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an automatic progressference. Also, productivity data for each activity were collected and then
represented as probability distributions through regression analysis. Furthermore, aeliscrete
simulation was used because it breaks down activities inteniessurable acti@nsimilar to
productivity calculation and, therefore, can produce more accurate results regarding project
process controlLe et al. 202Q)In addition, this type of simulation uses {iteed productivity
distributions to model the construction workflowherefore, its results can be compared with
actual data for validity.

4.4.2 Data Processing

4.4.2.1 Data Labeling

Data labeling is an essential step in training data for supervised learning. Basic domain
knowledge and contextual understanding are cruciatdating highquality, structured datasets.
Because the scope of this study was to offer a conceptualization and formal representation of the
blockchain framework rather than targeting every activitgly critical path activities were
labeled. For each teity, two labels were assigned to represent its start and finish status,
considering whether an object (e.g., a column or wall) had been built up. Also, some stages shared
the same label because the finish status of an activity is the start statuswafc#ssor. For
example, when filming thinstall Floor Rebarn(B4) activity, the camera had to go top view to see
if the floor rebar was present, so labels 7 and 8 were used. When filmingtddeColumn Rebar
Stirrup (B5) activity, the camera had to gae view, where the floor rebar might not be present
in the camera. Therefore, labels 9 and 10 were used. When filmingsth# Slab Reba(B6)
activity, the camera returned to the top view again, where it was plausible to find the completion

of B4 (label 8), which was an incomplete status for B6. This study also combined B1 and B2 as
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one label because these two activities were performed simultaneously in practice. In the end, 10

activities were labeled, and 17 labels were generated, as shéiguie4.3.

Incomplete Complete Incomplete Complete Incomplete Complete Incomplete Complete
Label: 10 Label: 0 Label: 1 Label: 2 Label: 3 Label: 4 Label: 15 Label: 16

Incomplete Incomplete Complete Incomplete Complete Incomplete Complete
Label: 5 Label: 7 Label: 8 Label: 9 Label: 10 Label: 8 Label: 11

Incomplete Complete Incomplete Complete
Label: 12 Label: 13 Label: 11,13 Label: 14

Figure4.3. Labeled images and corresponding activities

4.4.2.2 Data Augmentation

Having a large dataset is crucial for deep learning model development. In total, 1,492
images were collected on a standard floor. The collected images were in a limited set of conditions
in a realworld scenario. However, target objects may exist undeowsrconditions, such as
orientations, locations, scales, brightness, etc. Therefore, gaining enough diverse image sources
was essential during the model development stage. As such, data augmentation, which is a method
that increases the amount of datadbifficially expanding labeled training datasets by changing
the original i magesd viewpoints, si zes, or

80/20 split for training and testing on image dataset. Data augmentation was then automatically
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performed on the training and testing sets independently using the TensorFlow Data Augmentation
library. Ultimately, 7,210 training sets and 1,492 testing sets were generated separately.

4.4.3 ImageBased Deep Learning Model for Blockchain Oracle Development

4.4.3.1 DeepNeural Network Architecture

Figure 4.4 shows the network architecture of the deep learning module. The model
contained convolutional layers and a fully connected neural network. Two convolutional layers
were applied, followed byhe Rectified Linear Unit (ReLujAgarap 2018 ctivation function,
batch normalization, and max pooling to scale down the feature information. Convolutional layers
aim to find the potential region of interest to recognize specific features in the indhgaia the
classifiers to learn these features. The fully connected neural network was connected after stacking
together the appropriate number of convolution and pooling layers. After the dense layer, a drop
out layer was applied to reduce model ovenftf problemsThe final fully connected layer was to
make classifications regarding different building activities. In the end, the SoftMax function
assigned decimal probabilities to each class, and those decimal probabilities needed to add up to
1.0. Theclass with the highest prediction probability was chosen as the prediction result. The
model can essentially classify an image into what activity an image indicates and the completion
status of that activity. In this study, 17 categories were definedhardktailed labels are shown
in Figure4.3. Each predicted class probability was compared to the actual class desired output of
0 or 1, and a scoreBs was calculated that penalized the probability based on how far it was from

the actual expected value.
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Figure4.4. Deep learning neural network structure

The categorical crossntropy losgunction was used to train the network, as shown in the

following equation:
* x pf. B Ul Tw p UITgL U (4.1)

wherew refers to the model parametelsis the true label, and is the predicted label.

The model was trained in the TensorFlow (versddh0rcl). Each image was resized to
50 x 50 pixels for training efficiency. This research also tuned the hyperparameters of kernel size
(kerne), filter size filter_size, neuron sizerneurons_size dropout ratedrop_ou}, learning rate
(Ir), and batch sizeb@tch_sizeto generate optimal models. The accuracy, precision, recall, and

F1-score were used to evaluate the model performance using the fgltammula:
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