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Oft-site construction entails various advantages compared with the traditional construction method; however, the fragmentation
of the prefabrication and assembly results in a complex supply chain. Both general contractors and factories often encounter
production deviation, making the original component delivery plan nonoptimal. Traditionally, both parties tend to rely on
internal resources or third-party resources to manage schedule changes, paying little attention to the optimisation of the
component delivery process. The static compensation mechanisms reported in existing literature require factories to manage
demand fluctuations but fail to encourage general contractors to control schedule deviations. Therefore, a dynamic compensation
mechanism is proposed to achieve just-in-time component delivery, with which a factory shares possible changes for each
component’s delivery date to its clients on an inverse Kanban system. First, unfavourable changes for the factory schedule are
allocated with surcharges, and the general contractor should compensate the factory if it accepts the date changes; secondly,
schedule changes that are beneficial for the factory are assigned as incentives, and the general contractor receives the factory’s
incentive upon agreeing to the changes. Based on these two scenarios, genetic algorithm-based optimisation models are developed
to achieve optimal delivery planning solutions. General contractors can obtain an optimal component delivery date to reduce the
additional cost when they have changed the assembly schedule. General contractors can also optimise their component delivery
schedule to trade their duration flexibility for incentives offered by factories. The models can help both parties to reduce
component delivery waste when either side has the motivation to change the original component delivery schedules.

1. Introduction

Off-site construction (OSC) offers higher productivity,
better quality, higher production controllability, shortened
project duration, less project-lifecycle cost [1], and fewer
environmental impacts compared with in-situ construction
[2-4]. According to a general contractor’s orders, a build-
ing’s components are first manufactured in a factory
workshop, then transported, and finally assembled at a
construction site [5]. The fragmentation of prefabrication
and assembly, however, makes the supply chain difficult to
manage. The OSC parties have different goals and value
systems [6], often resulting in unsatisfied management of

schedule and resources, low control of workflows, and in-
adequate information sharing [7]. The general contractors
and the subcontractors usually have a mistrustful and
conflicting relationship [8]. Lack of collaboration and
communication remains one of the main reasons for con-
struction project failure [9]. Poor collaboration between
stakeholders is still among the primary risks affecting the
performance of OSC [10-12]. For example, OSC in Hong
Kong suffers from low efficiency of resource planning,
working process control, and information-sharing between
participants. The stakeholders work independently without
timely or efficient information-sharing about the actual
progress or changes [7].
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The performance of an OSC can be maximised if a
project progresses as scheduled. Nevertheless, changes are
inevitable in construction projects [13, 14]. Uncertainties
can result from inclement weather, equipment failure,
shortage or low productivity of labour, or late delivery by
suppliers [13, 15]. Early or late delivery of manufactured
components would be a loss to the general contractors [16].
A factory’s ability to deliver also suffers from variations in
resource availability [17], equipment failure [18, 19], change
of on-site requirements [20], the accuracy of manufacturing
[21], lost productivity, and variations in setup times [19].

Eliminating waste is the initial motivation of the Toyota
production system (TPS) or lean production. Waste in
manufacturing production has been principally identified as
inventory, waiting, transportation, overprocessing, over-
production (more or earlier than needed), movement, and
defective products [22]. As a deliberatively introduced waste
[23], inventory is designed to maintain smooth production.
Ohno [22] insisted that excess inventory was the most
significant waste because it causes secondary waste, such as
transportation, double handling, and possible damage.
Overburdening people or equipment is another type of
waste, often resulting in safety problems, equipment
breakdowns, and quality problems [24].

Just-in-time, which means “in a flow process, the right
parts needed in assembly reach the assembly line at the time
they are needed and only in the amount needed,” aims to
reduce or eliminate inventory and related waste [22]. Just-
in-time is commonly applied as a production system, a
management philosophy [25, 26], a TPS practice [27], a
methodology [28], a principle [29-31], or an approach [32].
Pull system is one of the TPS tools to achieve just-in-time for
thousands of parts—the end-users trigger upstream pro-
duction to meet their requirements at the minimum quantity
and right time [33]. As the TPS operating method and the
tool realising just-in-time, Kanban holds the information for
the products that are actually required by the downstream in
paper form to prevent overproduction and extra inventory
[22].

In the existing literature on construction management,
waste reduction does not capture extensive attention [34].
Inefficient management and organisation have been iden-
tified as the key problems of the construction industry [35],
and just-in-time is the solution to the component delivery
problem [36, 37]. Pull-driven production is a method to
achieve just-in-time and suits the projects that face high
levels of uncertainty [38]. By using Kanban, the downstream
pull production from the upstream meets the actual re-
quirements [33].

Like lean production, lean construction strives for op-
timal plans to address deviation and waste with contextual
captured knowledge and continual corrections [39] to create
value for customers from project conception to delivery
[40, 41]. Koskela [35] defined all waste as unnecessary or
nonvalue adding in production and stated that nonvalue-
added activities were by-products of the division and spe-
cialisation of the tasks. According to lean construction,
Hosseini et al. [42] defined process waste as nonphysical
waste during the construction processes, including defects,
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rework, overproduction, unnecessary inventory handling
time, transportation, and waiting.

If on-site assembly progresses as scheduled, all com-
ponents will be delivered just in time for assembly activ-
ities, causing no inventory waste. However, delivering
components as scheduled would cause additional inventory
for general contractors when progress deviates from
(usually later than) the original plan. Luo et al. [7] reported
that in the OSC’s complex supply chain, poor communi-
cation and insufficient coordination could cause waste such
as additional inventory, transportation, double handling,
and possible damage when variations occur. Vrijhoef and
Koskela [43] pointed out that the time waste between
activities significantly impacted the total time for the entire
process. Large inventory and lack of sufficient care are the
leading issues of on-site stock management [44]. Wu and
Feng [45] identified the inventory problem as the most
critical nonvalue-adding activity. Viana et al. [46] reported
that 60% of the components in on-site warehouses would
be assembled more than ten days after they are delivered.
Due to the limited capacity of on-site warehouses, general
contractors have to lease nearby land [47] or use the lo-
gistics providers’ warehouse to store excessive components
[48, 49]. A factory’s ability to deliver can be affected by
multiple kinds of uncertainties, such as lost productivity
[50], equipment failure, variations in setup times [19],
unexpected work defect [51], and material-related condi-
tions [15]. If a factory experiences unexpected production
interruption, overtime is required to meet the due date. The
worst situation is when the assembly of the components
produced in extra time is delayed, leading to waste on both
sides. A general contractor usually has float time as a
production resource [52, 53] for timely project completion
[54]. Even if the general contractor does not delay the
assembly schedule as a response to uncertainties, float time
can allow for an adjustment to the assembly schedule,
thereby enabling the factory to change the component
delivery date. However, little literature focuses on
accepting suppliers’ delivery delays.

As one type of process waste identified with lean phi-
losophy, component delivery waste in OSC is defined as
time, inventory, and cost waste in component delivery
processes when factories and general contractors individ-
ually deal with schedule deviations. There are two types of
possible waste when the components are delivered on
nonoptimal dates: (1) general contractor’s additional in-
ventory cost, transportation, and double handling when the
assembly is delayed and (2) factory’s possible overtime work
to meet the due date for the components, the assembly of
which is to be delayed.

The increased cost caused by unsuccessful coordination
between factory and general contractor often decreases
benefits from OSC [43, 47]. It is thus necessary to develop
and use positive relationships between general contractors
and factories [1]. Proper incentive systems are required to
balance the stakeholders” incongruent goals and value sys-
tems [6]. More efficient communication between parties is
required to capture contextual knowledge to improve co-
ordination [55].
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Given these abovementioned challenges, the present
research aims to reduce component delivery waste by fa-
cilitating general contractors and factories to share their
production resources with a dynamic compensation
mechanism and optimisation models. The remainder of the
paper is structured as follows: (1) the literature review
section includes a comprehensive review of the literature
concerning engineer-to-order, compensation mechanism,
optimisation for the improvement of OSC production, and
the research gaps identified by summarising the relevant
studies; (2) the methodology section introduces a dynamic
compensation mechanism and mathematical models for two
delivery scenarios; (3) the results and discussion section
contains the demonstration and discussion of two example
models; and (4) the conclusion section includes the con-
clusions, limitations, and proposed future work.

2. Literature Review

2.1. The Engineer-to-Order (ETO) Nature of Component
Delivery. Engineer-to-order (ETO) production is driven by
customer orders rather than demand prediction [56]. Such
highly customised products make the ETO supply chain less
flexible on demand variation and vulnerable to uncertainty.
Uncertainties, however, could come from suppliers, man-
ufacturers, and customers [57]. Gosling et al. [58] reported
four uncertainty factors in ETO production, namely (1) the
unavailability of timely and accurate information from
clients, (2) the inaccuracy of the project plan, (3) early or late
delivery, and (4) changes in specification. Ko [19] claimed
that demand variation imposes the most significant chal-
lenges as finished components would be changed in terms of
the size, quantity, and delivery date. Customer order changes
and information-sharing are identified as two factors
influencing coordination between ETO stakeholders [59]. As
such, ETO suppliers should offer product flexibility,
workforce flexibility [60], process flexibility, volume flexi-
bility, and delivery flexibility [61] to cope with uncertainties
[62]. Gosling and Naim [56] argued that information
management was the effective approach for coping with
uncertainties for ETO suppliers. OSC production can be
defined as ETO, usually involving design, prefabrication,
delivery, and assembly processes [63]. Since the customised
components cannot be repurposed as raw materials, if the
construction schedule deviates, it causes waste in terms of
space, time, and finance in order to deal with such cum-
bersome objects.

2.2. Just-in-Time Delivery in Construction. Just-in-time aims
to achieve zero-inventory production, i.e., reducing stocks
both in raw materials delivery and work-in-progress
products [64]. The just-in-time philosophy can improve the
delivery of manufactured components from factories to
construction sites, thereby alleviating the space issue and
traffic congestion [47]. Im et al. [65] developed a just-in-time
delivery system between a rebar assembly and rebar supplier
site based on Monte Carlo simulation and optimisation
techniques, intending to reduce inventory levels. In an effort

to adopt just-in-time in the ready-mix concrete (RMC)
industry in Singapore and Chongging, China, Low and Wu
[66] reported that all the surveyed suppliers managed RMC
production and delivered the products to sites with the
demand-pull system of the just-in-time approach. Chen et al.
[67] developed a just-in-time ready-mix concrete coordi-
nation approach to revise original orders to accommodate
the demand variations.

Just-in-time delivery has proven to be an effective so-
lution to inventory waste at construction sites [47]. Rebar
and RMC are not ETO products, and they can be easily
redirected to other clients when the original order is changed
or cancelled. M. Goh and Y. M. Goh [68] pointed out that a
complete just-in-time system was not achievable due to the
uncertainty in the construction industry. Stakeholders in the
OSC supply chain have different interests and may not
naturally achieve just-in-time delivery. Financial incentives
are necessary to motivate the factories to commit to just-in-
time coordination [38, 47].

2.3. Compensation Systems to Encourage Just-in-Time
Delivery. Because factories and general contractors are in-
dependent for-profit organizations, just-in-time delivery
cannot be achieved naturally. A case study shows that if the
incentivization of all parties is not properly arranged, the
project-based view cannot be compatible with the firm-
based view in cooperation between general contractors and
their suppliers [69]. Pheng and Chuan [47] reported that
complete just-in-time delivery in construction is not prac-
tical because of the interdependence of participants and the
varying conditions. Furthermore, incentives or compensa-
tion have been proposed in extant literature.

National and AIA California Council [70] defines in-
tegrated project delivery (IPD) as “a project delivery ap-
proach that integrates people, systems, business structures and
practices into a process that collaboratively harnesses the
talents and insights of all stakeholders to optimise project
results, increase value to the owner, reduce waste, and
maximise efficiency through all phases of design, fabrication,
and construction.” With IPD, shared goals are expressly
stated in the early stage of the project, and success or failure
leads to different financial consequences for parties [70].
With a multiparty contract, construction parties collaborate
to achieve the shared goals combined with incentives to
maximise both the individual and project interests [71].
“Incentive pool,” as a reward mechanism, is implemented by
reserving a unique portion of the related participant’s ex-
penses into a pool that can be distributed to the participants
based on the entire project achievements [72]. The risk-
sharing and reward-sharing mechanism boosts mutual re-
spect and trust among stakeholders and encourages open
communication, collaborative decision-making and control,
and transparent financials [73]. The approach has been
enhanced with BIM (building information model) and lean
practices and improved project performance, especially cost
performance and schedule performance [74].

Although BIM-enabled IPD platform has significantly
improved cost estimation and risk-sharing fairness [75], the



IPD approach is essentially a strategic win-win technique
[76, 77] as a contracting method to encourage parties to
collaborate as a team. Component delivery, however, is an
operational-level activity. The cost of a component delivery
date change is quantifiable, and solutions would not natu-
rally produce tactical win-win outcomes, even if it is not
always zero-sum. An explicit, quantitative compensation
would more efficiently encourage parties to coordinate to
achieve just-in-time directly with balanced interest
allocation.

Ju et al. [72] stated that redistributing the responsibilities
between the downstream and the upstream could encourage
the party that can reduce conflicts at a lower cost to address
uncertainties. Reimbursement is proposed to motivate the
factories to commit to just-in-time delivery, but no further
information is given [38, 47]. Pheng and Chuan [78] re-
ported that more than one-third of general contractors
agreed to pay an additional 0.25%-5% of the contract sum
for flexible and reliable delivery as value-added service to
reduce extra double handling, use of cranage service, and
risk of damage. Khalfan et al. [79] report a supplier-Kanban
to achieve just-in-time production in an innovative material
procurement for a public organisation in the United
Kingdom. The client plays the role of “supply chain inte-
grator,” focusing on value stream rather than the traditional
profit-based view. The quality—price mechanism, instead of
the lowest tender, is adopted as the standard for selecting
suppliers. The participants work as an integrated organi-
sation, and demands are sent to the suppliers with supplier-
Kanban on the information system. The suppliers “must”
deliver the desired items to the construction site in time with
a fleet of vehicles for routine material collection and delivery.

Waste commonly stems from previous stages in the
supply chain or prior production tasks [35, 43]. Pheng and
Chuan [47] also revealed that general contractors should
take more responsibility to implement just-in-time pro-
duction in OSC. The cost of a delivery date change may vary
because of the real-time resource constraints of factories. For
example, the cost of later delivery of a component is higher
when the factories have less available inventory. With the
aforementioned inter-organizational just-in-time delivery
systems, they pay fixed compensation, regardless of whether
or how many general contractors change the component
delivery date. The suppliers assume all the responsibility of
handling demand fluctuation. Such compensation systems
cannot correctly reflect the dynamic cost of the date change,
and general contractors do not have the motivation to
control their schedule fluctuation.

2.4. Optimisation for Just-in-Time. Optimisation algorithms
have been used in off-site production to achieve just-in-time
production and delivery. With just-in-time approaches,
researchers developed a linear programming-based product
mix optimisation model and a sequence optimisation model
to improve the performance of the internal production
planning in manufactured housing [80]. Some research
focuses on the supply chain to obtain multi-objective and
holistic optimisation by reducing the changeover time of
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jobs and impacts of uncertainties, coordinating
manufacturing, transportation, and assembly as integrated
processes [13, 81-83]. Information technology plays a sig-
nificant role in improving the performance of the prefab-
rication and assembly to realise timely component delivery
and just-in-time production of entire projects. Nevertheless,
optimising within a single phase without shared data from
other stakeholders makes it difficult to achieve global op-
timisation from the perspective of the entire project. On the
other hand, OSC participants are usually financially inde-
pendent, and it is not practical to directly optimise inter-
organizational activities.

Due to the highly uncertain environment, the prepon-
derance of ETOs, production concurrency, and prefabri-
cation and assembly fragmentation, there are nonvalue-
added activities and resultant waste in component delivery
when variations occur. Although just-in-time production
has been proven successful within manufacturing organi-
zations, component factories and general contractors could
not naturally achieve just-in-time delivery as financially
independent participants. Static compensation solutions in
the extant literature could not correctly reflect the actual cost
caused by the change of delivery dates, thereby failing to
encourage general contractors to manage variations to re-
duce waste. Information technology plays a significant role
in realising timely delivery and just-in-time production of
projects; however, optimisation in one organisation without
shared data tends to carry out a local optimum and cen-
tralised-optimisation is not in conformity with the business
model.

3. Research Objective and Methodology

With the aim of achieving just-in-time component delivery,
a dynamic compensation mechanism and two mathematical
models are proposed to reduce waste related to component
delivery.

To achieve the objective, the research methodology is
proposed as presented in Figure 1, in which the input of
parameters include: (1) the original component delivery
schedule; (2) the component delivery date change and as-
sociated surcharges/incentives offered by the factory; (3) the
on-site inventory cost and double handling cost, which are
only known to the general contractor; and (4) the third-party
inventory cost and double handling cost, which are known
to the general contractor and the factory. The main process
follows five steps: (1) study the supply chain; (2) create a
dynamic compensation mechanism; (3) formalise mathe-
matical models for two scenarios; (4) apply the genetic al-
gorithm (GA) to solve the model; and (5) discuss the
optimisation results.

The proposed methodology is subject to the following
criteria: precedence relationship of activities and the max-
imum allowance for a date change of specific tasks which the
general contractor specifies. The output involves the revised
component delivery schedule, the total cost of the revised
component delivery schedule when the general contractor
changes the delivery date to deal with its assembly schedule
deviations, and the total revenue of the revised component
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oo - TTTTTTTTTTTTTTTTT 1
1 1
! . Total cost of the Total revenue of the !
! Revised component . . !
! delivery schedule revised component revised component !
! R delivery schedule delivery schedule !
1 1

F1GUre 1: Methodological framework.

delivery schedule when the general contractor tries to trade
its schedule flexibility for incentives offered by the factory.
This research is also based on the following assumptions:

(1) The many-to-many relationship between general
contractors and factories can be simplified to a one-
to-one relationship between a general contractor and
a factory.

(2) The general contractor can predict its assembly
progress seven days in advance. The factory can
quantify the cost of a component delivery date
change in real-time and share cost data with its
clients. Both sides agree to change the component
delivery date when certain conditions are satisfied.

(3) The capacity of third-party inventory is unlimited.

(4) The general contractor does not change the ordered
quantities during coordination processes.

3.1. Dynamic Compensation Mechanism. One focus of lean
production is to identify problems or waste in practice [24]
and seek promotion with contextually captured knowledge
[39]. It is essential to encourage participants to expose
dynamic information to their partners in the supply chain.
Chen et al. [84] stated that the incentive system and in-
formation-sharing were important enablers for the coor-
dination of the construction supply chain. Simatupang and
Sridharan [85] reported that explicit incentive alignment
and fair compensation could motivate participants’ desired
behaviour in the supply chain with reciprocal interaction.

Production deviations could make either side’s scheduled
delivery nonoptimal. General contractors may have the
motivation to change the delivery date to match their revised
assembly schedule, and factories would seek to change the
delivery date when they will have completed the production
of components earlier or later than the due date. In the
manufacturing industry, the upstream workstations produce
according to Kanban, on which the demand information
such as due data and amount is shown. The Kanban can
reduce or eliminate overproduction (more or earlier than
actually needed) waste to achieve just-in-time production.
Component delivery waste in off-site construction supply
chain results from the mismatch between the scheduled
delivery date and the actual optimal delivery date, and can be
identified as overproduction, which causes additional in-
ventory waste and other resultant waste.

Based on the lean philosophy, a dynamic compensation
mechanism is proposed to achieve the research aim. In
addition to providing components, a factory offers the
flexibility of delivery date. The factory dynamically assigns a
positive number as a surcharge for compensation to the date
change which increases its cost (e.g., additional inventory).
In contrast, the factory allocates a negative number as an
incentive to the favourable change (e.g., mitigation of re-
source contention) to encourage general contractors to make
the change.

Table 1 shows the surcharges or incentives for the
components’ delivery date change, which are released and
updated by the factory. In the table, a row represents the
component’s surcharges or incentives induced by the
changed delivery date by a different number of days. For
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TaBLE 1: Surcharges/incentives for delivery date delay released by the factory®.

Components 1d ($) 2d ($) 3d ($) 4d ($) 5d ($) 6d ($) 7d ($)
C sl s s st s 6 s
Cn .5;11 . .S.fl . '5;31 . .S.z . .S.Z . .S.g . .5;71 .

*Only delay-related data are shown; however, earlier delivery is also covered in the methodology.

example, s; represents the surcharge (a positive number) or
incentive (a negative number) for component C,’s delivery
occurring 4 days later than the date stipulated in the original
order. To be clear, C; does not necessarily refer to a single
component; it represents a part of an order and may contain
tens of components.

The table serves as an inverse Kanban, with which the
general contractors (the downstream parties) can retrieve
possible component delivery change data offered by the
factories. Rather than always accepting component delivery
as scheduled, the general contractor could make decisions in
two scenarios based on the surcharge/incentive data on the
inverse Kanban:

Scenario 1: revises component delivery plan to mini-
mise inventory and related cost when assembly
schedule has been changed.

Scenario 2: changes assembly schedule to receive the
maximum incentives from the factory.

In Scenario 1, the general contractor can manage
schedule variations at a minimum cost to achieve or ap-
proximate just-in-time delivery to match the actual progress,
and the factory can receive the compensation they claim. In
Scenario 2, the general contractor could trade their schedule
flexibility for incentives offered by the factory. If the general
contractor achieves any better solution than accepting de-
livery as scheduled, both the general contractor and the
factory change the delivery date. If there is no new agree-
ment, the delivery is carried out on the date stipulated in the
contracts.

As illustrated in Figure 2, the proposed compensation
mechanism is embodied with a dynamic just-in-time
component delivery framework. An information system
holds shared information to facilitate coordination between
the general contractor and the factory. The factory releases
and updates the surcharges or incentives for the compo-
nents’ delivery date change to the information platform. The

Obj: Min TC =C" +C/,

c’=Ycl, i=12...,n
i

CI _ Z V. CUI . (d?ssembly _ d:ielivery)i " z Vi .

ur _ { $miday/m’, stocklevel <L,
$n/day/m3,

general contractor retrieves information from the infor-
mation platform and revises its delivery schedule with op-
timisation, and then accordingly changes the delivery date
and pays surcharges or receives incentives. The factory then
changes the delivery date and receives surcharges or pays
incentives. The factory releases the possible date change and
associated financial data to the information platform
according to its actual production resources (details are not
included in the research); then, the general contractor makes
a decision based on the shared data to revise their delivery
schedule. The final step is that the factory updates the de-
livery date according to the general contractor’s decision.

3.2. The Model for Scenario 1. When the assembly schedule is
changed, delivering the related components as scheduled
causes additional inventory cost. The third-party inventory
cost is involved if on-site warehouse space is insufficient.
Under such a circumstance, delaying the delivery of the
affected components is an option. The general contractor
retrieves the surcharge/incentive data and then carries out
solutions to change the delivery date to minimise the total
cost.

The model’s inputs include (1) surcharges or incentives
from the factory, as shown in Table 1, (2) the delay for
assembly schedule, (3) the component’s on-site inventory
cost and the resultant double handling cost, and (4) the
component’s third-party inventory cost and related double
handling cost. The model’s output is the delivery delay for
the components.

The model’s objective is to minimise the general con-
tractor’s total cost, which incorporates the sum of the
surcharges/incentives, the on-site inventory cost or the price
of the third-party inventory, and related double handling
cost, as formulated in equation (1). The constraint, expressed
as equation (6), states that the delivery date must not be later
than the assembly date.

(1)

(2)

(3)

(4)

stock level > L,
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FIGURE 2: A dynamic just-in-time component delivery framework.
CPH _ $p/day/m’, stocklevel <L, 5)
$q/day/m’, stock level > L,
. assembly delivery .
subject to, d; - d, >0, i=12,...,n (6)

where CP($) represents the payments (surcharges or in-
centives) to the factory from the general contractor for the
component’s delivery delay. C! ($) indicates the opportunity
cost of storing the component in the general contractor’s
warehouse or the third-party inventory and the resultant
double handling cost. V; (m’) represents the volume of the
ith component. L (m®) represents the capacity limit of the
on-site inventory. CY! denotes the inventory cost. The $m/
day/m” represents the on-site inventory unit cost, and $n/
day/m® represents the third-party inventory unit cost. CPH
denotes the unit cost of the double handling. The double
handling cost of on-site inventory is $p/time, and $g/time
refers to a different cost of the double handling to and from
the third-party inventory. d?ssembly and d?ehvery represent the
day when the ith component is assembled and delivered,
respectively. (diassembly —didehvery) signifies the number of
days that the ith component is stored before assembly.

3.3. The Model for Scenario 2. A factory releases an incentive
for a delayed delivery date of components if the delay is
beneficial. A general contractor would actively trade its
schedule’s flexibility for incentives to achieve a win-win
outcome. Apart from activities’ precedence, fixed activities,
for which the assembly date change is specified by the
general contractor, are an additional constraint.

For clarity, a sample of incentive data and surcharges are
presented in Table 2.

The model’s input variables include (1) surcharges or in-
centives listed by the factory, as shown in Table 2, (2) assembly
schedule of the general contractor, and (3) fixed activities for
which the assembly date’s maximum delay is specified. The
model’s outputs are a new schedule and the optimal revenue.

A general contractor regards incentives (negative
numbers) as revenue and thus aims to maximise them. Due
to the precedence constraints between activities, the general

contractor must accept related surcharges when specific
incentives are selected. No inventory cost is involved because
the general contractor is trying to match the assembly date to
the delivery date.

Obj : Max R:—ipi, i=12,...,n, (7)
i=1
Subject to:
si-—s]'-zdj, jeS,i=12,...,n (8)
si—s;<b, i=1,2,...,n, (9)
$:>0, i=12,...,n, (10)
R>0, (11)

where i represents the index of the tasks (components). C” ($)
represents the payments (surcharges or incentives) to the
factory from the general contractor for the delivery delay of
components. # represents the number of tasks (components).
Constraint (8) states that the tasks cannot start before all
predecessor tasks finish. s; and s} represent the start date of the
ith and jth tasks in the new schedule, respectively. d; denotes
the duration of the jth task. S; signifies the set of the successor
tasks of the ith task. Constraint (9) limits the difference between
the ith task’s start time in the new schedule and the original
one. s; indicates the start date of the ith task in the original
schedule. b; represents the maximum allowance for a date
change of the ith task, which is specified as a fixed activity by
the general contractor. Constraint (10) ensures that the start
time of all tasks is equal to or greater than 0 in the new schedule.
Constraint (11) ensures the revenue must be positive.

As an effective and commonly used optimisation algo-
rithm, a GA is applied to resolve the above optimisation
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TaBLE 2: Sample incentives and surcharges for delayed delivery.
Components 1d ($) 2d ($) 3d (%) 4d ($) 5d ($) 6d ($) 7d ($)
C01 100 200 300 0 0 0 -100
C02 100 0 0 200 400 600 -800
C03 300 -600 300 0 600 900 1,200
C04 400 800 0 400 800 1,200 -1,600
C05 500 1,000 1500 0 1,000 1,500 2,000
Co06 -100 =200 0 600 1,200 0 200
C07 -100 -200 300 100 200 300 400

model in this research. GA, developed by Holland in 1975,
mimics the natural selection process of evolution to search
for optimal solutions according to the theory of survival-of-
the-fittest. GA is efficient and reliable for optimal or near-
optimal solutions in a short time [86]. GA has been widely
employed to solve optimisation problems, particularly job
sequencing, workshop layout, and resource allocation
[16, 49, 87-89].

As shown in Figure 3, a set of possible solutions is
randomly created as the initial population for the problem.
Each solution is then calculated to obtain the fitness function
value. New populations are generated by operators, namely,
selection, crossover, and mutation, from the current pop-
ulation. After the iterations of fitness evaluation and ap-
plication of genetic operators, an acceptable solution is
generated when the number of iterations reaches the upper
limit.

4. Results and Discussion

Based on consultation with industry experts, the data were
composed as the inputs to the models.

4.1. Results of the Model for Scenario 1. The model for Sce-
nario 1 of the proposed framework is demonstrated using an
example as outlined below.

Table 3 summarises the volume, the delay for assembly,
and the surcharges/incentives for the delivery delay. The
delay for assembly is the number of days for which the
general contractor has postponed the component’s assembly
activity. The delays are 3 days, 5 days, and 7 days for different
components. The factory offers a delivery delay of up to 7
days and assigns a number to each delay as a surcharge/
incentive. The other inputs of the model include: (1) the
capacity of on-site inventory, which is 150 m* (2) the op-
portunity cost of on-site inventory, which is $10/day/m”,
and the price of the third-party inventory, which is $300/
day/m?; and (3) double handling costs, which are $20/time
and $100/time, respectively, for on-site inventory and third-
party inventory.

The delivery is initially scheduled on the day when the
assembly activity starts. As shown in Table 3, the assembly
schedule is delayed; if the components are delivered as
scheduled, the general contractor must pay an additional
cost of $1,177,080 for on-site or third-party inventory and
double handling.

The GA solver deployed by MATLAB R2020a solves the
optimisation model. The possible delivery delay’s

permutation is modelled as chromosomes, for which the
lower bound and upper bound are set as 0 and 7, respec-
tively. The parameters of MaxStallGenerations are set as 100,
MaxGenerations as 300, and ConstraintTolerance as le —6.
The other parameters, including selection, crossover, and
mutation, take the default values. A fitness function is
created to calculate the value of the objective function as
expressed by equation (1) and another function models the
nonlinear constraint of equation (6).

The upper portion of Figure 4 depicts the minimal total
cost ($21,560), mean ($22,619.9), and the optimisation
convergence curve. The lower portion shows the vector of [7
7405757777777777777], which is the permutation
of the optimal delivery delay (by day) of the twenty com-
ponents. Without the proposed optimisation, the general
contractor must pay $1,075,500 to account for the assembly
delay. The optimised solution reduces the cost to $21,560,
which is a savings of 98%.

Table 4 presents the optimised solutions for the delay
and cost of the components. For example, the optimal so-
lution of CO1 is delaying delivery by 7 days, and thus paying
no surcharges; and, by assembling the components on the
delivery day, there is no additional cost for inventory. The
optimal solution of C04 is for the components to be de-
livered as scheduled. The general contractor will store the
components for 3 days, which incurs an opportunity cost of
$1,200 for inventory and $20 for double handling. C05’s
optimal delivery is to be delayed by 5 days, and the general
contractor can receive a $200 incentive from the factory and
store the components for 2 days on-site, which incurs an
opportunity cost of $1,000 for inventory and $20 for double
handling.

4.2. Sensitivity Analysis of On-Site Inventory Capacity for
Scenario 1. On-site inventory is a significant resource as an
indicator for the ability to handle asynchrony between
component assembly and delivery, and plays a vital role in
general contractors’ decision-making. According to related
literature and the interview with the industry, there is limited
space for inventory on construction sites. The model is
executed 14 additional times with different on-site inventory
capacity values to investigate the relationship between op-
timisation performance and the on-site inventory capacity.

When the on-site inventory capacity increases from 0 m*
to 700m’, the total cost of the delivering-as-scheduled
scheme is reduced from $1,334,800 to $44,800, and the total
cost of the delivering-as-optimised scheme is reduced from
$36,700 to $18,420. The cost reduction ratio remains as high
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TaBLE 3: Component delivery delays and surcharges/incentives®.
Components  Volume (m*)  Delay for assembly (day) Surcharges/incentives for the delivery delays
1d($) 2d($) 3d($) 4d(@$) 5d(@) 6d(@©) 7d(9)
Co1 10 7 100 200 300 0 0 0 0
C02 20 7 -100 0 0 200 400 600 800
Co3 30 7 300 600 900 0 600 900 1,200
C04 40 3 400 800 0 400 800 1,200 1,600
C05 50 7 500 1,000 1,500 0 -200 1,500 2,000
Co6 60 7 600 1,200 0 600 1,200 0 0
Co07 10 5 100 200 300 100 200 300 400
Co08 20 7 200 400 600 200 400 600 800
C09 30 7 300 600 900 0 -100 900 1,200
C10 40 7 400 800 1,200 400 800 1,200 1,600
Cl1 50 7 500 1,000 0 -200 1,000 1,500 2,000
C12 60 7 300 0 =200 600 1,200 1,800 2,400
C13 10 7 100 200 300 100 200 300 400
Cl14 20 7 200 400 600 200 400 600 800
C15 30 7 300 600 0 -200 600 900 1,200
Cl6 40 7 400 800 1,200 400 800 1,200 1,600
C17 50 7 500 1,000 1,500 500 1,000 1,500 2,000
C18 60 7 600 1,200 1,800 600 1,200 1,800 2,400
C19 10 7 100 200 300 100 200 300 400
C20 20 7 200 400 600 200 400 600 800

*The underlined negative numbers represent incentives.

as 98% to 93% when the on-site inventory capacity is be-
tween 0 m’ and 550 m> and decreases sharply when on-site
inventory capacity is 600 m® or less. The total cost of the
delivering-as-scheduled scheme continues to decrease when
on-site inventory capacity increases from 0 m> to 700 m (see
Figure 5).

When the on-site inventory capacity reaches 450 m> or
more, the total cost of the delivering-as-optimised scheme
remains at $18,420 because it can completely accommodate
all the additional stock created by the assembly delay. When
the on-site inventory capacity is 0, the optimisation model
can reduce the total cost by 97%. When the on-site inventory
varies from 50 m® to 500 m’, the cost decreases by 98% to
95%, showing a flat curve. When the on-site inventory
reaches 550 m” or greater, the reduction ratio drops to 93%,
89%, 78%, and 52%, respectively. The total cost reduction
ratio becomes sensitive to the on-site inventory capacity
when the former increases to 600 m> or more.

4.3. Sensitivity Analysis of Surcharge/Incentive Level for Sce-
nario 1. Total cost is a primary concern of general con-
tractors. Surcharge/incentive level is an economic factor
determined by the factories, making up the main part of the
cost caused by delivery data change. The factor can sig-
nificantly influence general contractors’ decision-making.
To investigate how the surcharge/incentive level impacts
the total cost of the delivering-as-optimised scheme, the
original surcharge/incentive values (see Table 3) are halved
and increased to 150% to create another two sets of inputs.
The model produces three cost curves with three surcharge/
incentive levels when the on-site inventory capacity in-
creases from Om’ to 700m> (see Figure 6). A higher
surcharge/incentive level produces a higher total cost when
the on-site inventory capacity increases from O0m’ to
500 m® however, the cost differences gradually narrow.
When the on-site inventory capacity reaches 550 m’ or
greater, the curves of highest and medium surcharge/
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FIGURE 4: Optimisation results for scenario 1.

TaBLE 4: Surcharge and incentive for optimised delivery delay of components.

Components Volume Delay for assembly Optimised delivery delay Surcharge/ Inventory cost ~ Double handling
(m?) (day) (day) incentive ($) $) cost ($)
Co01 10 7 7 0 0 0
C02 20 7 7 800 0 0
CO03 30 7 4 0 900 20
C04 40 3 0 0 1,200 20
C05 50 7 5 -200 1,000 20
Co06 60 7 7 0 0 0
Co07 10 5 5 200 0 0
Co08 20 7 7 800 0 0
C09 30 7 7 1,200 0 0
C10 40 7 7 1,600 0 0
Cl11 50 7 7 2,000 0 0
C12 60 7 7 2,400 0 0
C13 10 7 7 400 0 0
Cl4 20 7 7 800 0 0
C15 30 7 7 1,200 0 0
Cl6 40 7 7 1,600 0 0
C17 50 7 7 2,000 0 0
C18 60 7 7 2,400 0 0
C19 10 7 7 400 0 0
C20 20 7 7 800 0 0
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FIGURE 6: Total cost of the optimised delivery scheme at different surcharge/incentive levels.

incentive levels approximately coincide, implying that the
surcharge/incentive level significantly impacts the model’s
performance when on-site inventory capacity is lower. The
lowest curve is flat and remains fluctuating, indicating that
delaying delivery is more likely to be used than storing in
on-site inventory to manage assembly delay when the
surcharge/incentive level is low.

In summary, the optimisation model can significantly
reduce the total cost of delaying delivery if the general
contractor has delayed assembly activities before the com-
ponents are delivered. The total cost of the delivering-as-
optimised scheme is sensitive to on-site inventory capacity

when on-site inventory capacity is low. The level of sur-
charge/incentive is a sensitive factor for optimisation results
when the on-site inventory capacity is low. It is common for
general contractors to have limited on-site inventory, and
the optimisation model is practical to reduce component
delivery waste.

4.4. Results of the Model for Scenario 2. The model for
Scenario 2 of the proposed framework is demonstrated using
an example as follows. In this scenario, general contractors
aim to maximise the revenue by changing the component
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TaBLE 5: Delivery schedule and incentives or surcharges for delivery date changes.
Components/ Duration Scheduled delivery 2 days 3days 4days 5days 6 days
activity (day) date 1 day ($) (%) (%) (%) (%) (©) 7 days ($)
Co1 1 3 100 200 300 0 0 0 -100
C02 2 4 100 0 0 200 400 600 =800
C03 3 8 300 -600 300 0 600 900 1,200
C04 4 6 400 800 0 400 800 1,200 -1,600
C05 1 11 500 1,000 1,500 0 1,000 1,500 2,000
Co6 2 14 -100 =200 0 600 1,200 0 200
Co7 3 12 -100 =200 300 100 200 300 400
Co08 4 16 -100 =200 600 200 400 600 800
C09 1 17 -100 =200 900 0 600 900 1,200
C10 2 18 100 200 1,200 400 800 1,200 1,600
Cl1 2 0 -100 1,000 0 500 1,000 1,500 2,000
Cl12 2 2 -100 -200 300 600 1,200 1,800 2,400
C13 2 4 -100 =200 300 100 200 300 400
Cl4 2 6 -100 =200 600 200 400 600 800
C15 2 8 300 300 0 300 600 900 1,200
Cl6 2 10 -100 =200 1,200 400 800 1,200 1,600
C17 2 12 -100 -200 1,500 500 1,000 1,500 2,000
C18 2 16 -100 =200 1,800 600 1,200 1,800 2,400
C19 2 18 -100 -100 300 100 200 300 400
C20 2 20 200 400 600 200 400 600 800
End 0 22 0 0 0 0 0 0 0

delivery date and receiving the incentives when the change is
acceptable. The execution of the model for Scenario 2 is also
based on the data presented in Table 5, which summarises
the duration, scheduled delivery date, and the surcharges/
incentives for the delivery change of components. The
components and corresponding assembly activities are
numbered sequentially and the start of the fictitious com-
ponent named “End” represents the completion of the
project. The additional input is 3 days, the maximum tol-
erable delay of the start date of “End,” thereby limiting the
latest completion date of the project. MATLAB GA solver
does not offer a built-in method to maximise the objective.
Therefore, the model is solved by minimising the negative of
the object function.

Similar to Scenario 1, the GA solver found in MAT-
LAB R2020a solves the optimisation model. The possible
delivery delay’s permutation is modelled as chromosomes,
for which the lower bound and upper bound are set as 0
and 7, respectively. The parameters of MaxStallGenera-
tions are set as 100, MaxGenerations as 300, and Con-
straintTolerance as 1e — 6. The other parameters, including
selection, crossover, and mutation, take the default values.
A fitness function to minimise the value of the negative
objective is expressed by equation (7) and another
function models the nonlinear constraints of equations
(8)- (11). The upper portion of Figure 7 illustrates the
maximum total revenue of $1,800 and the optimisation
convergence curve. The lower portion shows the vector of
[00070022001222001 21 0], which is the
permutation of the optimal delivery delay (by day) of the
twenty components. However, the revised delivery
schedule is not simply the original schedule plus optimal

delivery delay because of the constraints expressed in
equations (8)-(11). The best total revenue is $1,800.
However, the best is shown as —1,800 because maximising
the objective function is converted to minimising the
negative objective function. The lower part of the figure
shows the optimal delivery delay.

As presented in Table 6, the revenues are calculated with
the actual delay, and the total revenue is $1,800. The actual
delay of “End” activity is 3 days, satisfying the constraint.

When the delay tolerance of the “End” activity is 2 days,
the total revenue is $1,400. However, not every delay tol-
erance creates a solution. If the “End” activity’s delay is 1 day
or less, the optimisation model will terminate rather than
give a revised delivery schedule when the number of iter-
ations reaches the parameter of MaxStallGenerations.

Apart from “marking” the start date of the last activity,
the model can also “mark” another activity’s delay tolerance
as the optimisation’s constraint. Table 7 presents the results
of 80 repeated executions with the “marked” activity
changing from “C01” to “C20” and the delay tolerance
changing from 0 to 3 days. In the table, the precondition is
the project’s delay tolerance of 3 days. The first row shows
that the total revenue is $1,800 when the activity CO1’s delay
tolerance is 0 days, and the revised delivery schedule is
expressed with the vector of [3481311171419191914638
101214 18 20 23 25]. The last four rows in the table show the
result when the “marked” activity is C20. The model is
unsolvable when the delay tolerance is 1 days or 0 days. The
total revenue is $1,400 and $1,800 when the delay tolerance
is 2 days or 3 days, respectively.

The results indicate that for general contractors, trading
schedule flexibility for incentives is feasible. In construction
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TaBLE 6: Result with the “end” activity’s delay tolerance being 3 days.

Component CO01 C02 CO03

C04 CO05 C06 C07 C08 C09 C10 Cl11 CI12 C13 Cl14 CI15 Cl6 C17 C18 C19 C20 End

Scheduled 3 4 8 6 1 14 12 16 17
Revised 3 4 8 13 11 17 14 19 19

Actual delay o 0 o0 7 0o 3 2 3 )

(day)
Revenue($) 0 0 0 1600 0 O 200 —600 200

18 0 2 4 6 8 10 12 16 18 20 22
19 1 4 6 8 10 12 14 18 20 23 25

1 1 2 2 2 2 2 2 2 2 3 3
-100 100 200 200 200

=300 200 200 200 100 -600 O

The revenue is calculated with the actual delay.

engineering practice, the proposed model can help general
contractors to trade their schedule flexibility for incentives
offered by factories, thereby reducing component delivery
waste and the cost of entire projects.

4.5. Applicability for Solving Problems in Complex Scenarios.
The information platform can serve multiple stakeholders in
many-to-many scenarios (Figure 8). However, any specific

transaction actually occurs in a one-to-one manner, as
shown in Figure 2, due to that any transaction is based on a
specific contract. Each factory independently releases sur-
charge/incentive for delivery date change according to its
resource constraints, and each general contractor inde-
pendently decides to accept the components on schedule or
change the delivery date based on the total cost. More
specifically, one general contractor interacts with one factory
over a specific contract through the information platform.
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5. Conclusions and Limitations

Off-site construction has many advantages compared with
traditional construction and is increasingly gaining in pop-
ularity. The fragmentation of prefabrication and assembly
produces not only higher quality, higher efficiency, and
shorter project duration but also a more complex supply
chain, which creates component delivery waste when the
original delivery schedule becomes nonoptimal for either the
general contractor or the factory. The just-in-time method has
been widely adopted to reduce waste in the manufacturing
industry and the ready-mix concrete delivery in the con-
struction industry. Lack of a practical compensation system
leads general contractors and factories to deal with uncer-
tainties independently rather than sharing resources to
achieve just-in-time delivery. The research presented in this
paper proposes a dynamic compensation mechanism to
encourage both parties to reduce component delivery waste.
Two optimisation models are created to facilitate both parties
to attain optimal decision-making. The model for Scenario 1
can significantly decrease the total cost caused by component
delivery when contractors postpone their assembly activities.
When on-site inventory capacity is low, the level of surcharge/
incentive and the unit cost of third-party inventory are
sensitive factors for optimisation results. The model for
Scenario 2 helps general contractors to trade their duration
flexibility for incentives offered by factories. The models can
enable both parties to reduce component delivery waste when
either side has the impetus to change the original component
delivery schedule. The contributions of this work include (1)
identifying component delivery waste in off-site construction
and (2) proposing a dynamic compensation solution to
achieve just-in-time delivery. This study has several limita-
tions. The other restraints, such as worker, equipment, and
transportation, are not taken as parameters in the present
research. More inputs to the model and an improved genetic
algorithm should be considered in future research.
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The data used to support the findings of this study are in-
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