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Abstract: Off-site construction is becoming more popular as more companies recognise the benefits of
shifting the construction process away from the construction site and into a controlled manufacturing
environment. However, challenges associated with the component supply chain have not been
fully addressed. As a result, this study proposes a model for three-echelon supply chain supply
management in off-site construction with stochastic constraints. In this paper, multiple off-site
factories produce various types of components and ship them to supplier warehouses to meet the
needs of the construction sites. Each construction site is directly served by a supplier warehouse. The
service level for each supplier warehouse is assumed to be different based on regional conditions.
Because of the unpredictable nature of construction projects, demand at each construction site is
stochastic, so each supplier warehouse should stock a certain number of components. The inventory
control policy is reviewed regularly and is in (R, s, S) form. Two objectives are considered: minimising
total cost while achieving the desired delivery time for construction sites due to their demands and
balancing driver workloads during the routeing stage. A grasshopper optimisation algorithm
(GOA) and an exact method are used to solve this NP-hard problem. The findings of this study
contribute new theoretical and practical insights to a growing body of knowledge about supply
chain management strategies in off-site construction and have implications for project planners and
suppliers, policymakers, and managers, particularly in companies where an unplanned supply chain
exacerbates project delays and overrun costs.

Keywords: supply chain management; off-site construction; inventory; routing; construction site

1. Introduction

Due to globalisation and industrialisation, environmental concerns are increasing,
putting natural resources at risk [1]. These issues have been heavily influenced by the
construction industry [2]. The increased construction activities have many negative con-
sequences, including the depletion of natural resources and waste generation, energy
consumption, greenhouse gas emissions, and risks to public safety [3,4]. The construction
industry is the primary source of glasshouse gas (GHG) emissions and a major consumer
of global energy [5,6]. In the absence of innovative techniques and technologies applied in
the construction industry, this industry’s adverse impacts would exacerbate even more [7].
Current construction methods are not well suited to meet the rising demand for rapid
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construction [8,9]. Construction activities should be more efficient in meeting sustainability
goals [10]. Some construction activities could see productivity increases of five to ten times
their current level if moved to an off-site construction system [11]. As a result, consider-
able attention should be devoted to implementing off-site construction approaches in the
construction industry to increase its efficiency and productivity [12].

In off-site construction methods, building components are manufactured in a work-
shop or a factory and then transported to the construction sites or supplier warehouses,
where they are assembled [13]. This allows for better coordination between skilled labour-
ers and automated equipment employed in off-site construction projects [14]. Furthermore,
implementing this construction approach in the construction industry can improve the
quality, and the number of building defects is reduced due to better monitoring [15]. Off-
site construction methods are more environmentally friendly and safer than conventional
construction techniques [16].

While the advantages of off-site construction methods are increasingly documented [17],
they are currently associated with some challenges, particularly in material procure-
ment [18]. The problem of ensuring component availability for project activities while
simultaneously minimising unnecessary inventory in the off-site construction system re-
mains unresolved. Each component in off-site construction projects has a specific purpose.
To have a successful project, all components should be available when needed [11]. There-
fore, supply chain strategies should be incorporated and explored in this construction
system to mitigate the risks associated with the on-time procurement of components for
construction sites [18].

Material procurement in this system is a multi-echelon supply chain starting from
preparing detailed design and shop drawings for structure components manufactured in a
factory or workshop [18]. Following that, these components are warehoused and shipped
to construction sites where they should be installed. These components are tailored to the
specifications of each project. As a result, prefabricators are unable to manufacture these
components prior to receipt of orders [18]. Additionally, due to the weight and bulk of
these components, contractors are unable to maintain large buffer stocks in anticipation
of delivery delays [18,19]. Any unplanned action in the supply chain of components at
the procurement strategies has a ripple effect on the subsequent stages, resulting in an
inefficient off-site construction. As a result, more modelling techniques are required to
implement supply chain models and techniques in off-site construction.

To address current gaps in this research area, this study considers a transportation—
location-inventory-routing problem that simultaneously covers the different dimensions of
the distribution network in the supply chain of off-site construction methods as supposing
multiple suppliers that send various components to different supplier warehouses. Further,
due to the location conditions of each warehouse, a certain service level for each supplier
warehouse is considered and owing to the various types of construction components, as well
as storage limitations, a risk level of exceeding maximum inventory for each component
is considered. In addition, some off-site factories provide a shorter delivery time for their
strategic construction projects, the demands of which are higher than others. Therefore, a
constraint is applied to the model to ensure that the weighted average construction project
lead time is acceptable. The routing problem has been addressed in off-site construction
methods, such as [20]; however, the ordering system in the warehouse is neglected, and the
demand was deterministic, while the uncertainty in the demands of construction projects
and considering safety stock in the supplier warehouses make the model of this study
closer to the actual state. In this regard, we consider the (R, s, S) ordering policy, which
is one of the ordering systems to determine the inventory level of supplier warehouses
and applies when continuous inventory checking is not possible. Considering all these
aspects makes the study more appropriate for the real off-site construction methods than
previous studies.

As the substantial contributions of the present study, a mixed-integer bi-objective
mathematical model is proposed to develop a transportation-location-inventory-routing
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Problem. Moreover, multiple suppliers, which send various components to supplier
warehouses to satisfy construction projects’ demand, have been considered. This study
aims to minimise the total cost of the distribution network and achieve the desired delivery
time for construction sites due to their demands. To solve the proposed bi-objective supply
chain model and in order to generate a properly balanced set of routes at minimum cost,
an equilibrium objective function has been applied by converting two objective functions
into one. Furthermore, the transportation-location-inventory-routing problem belongs
to the class of NP-hard problems; therefore, it needs a meta-heuristic method to solve the
problem at a large size, and for small size problems, we use the exact method.

The rest of this study is structured as follows. Related studies are presented in
Section 2. The problem statement and the proposed mathematical model are provided
briefly in Section 3. Section 4 then describes the proposed approach to solve the problem
in detail. Section 5 presents the computational tests and analysis. Section 6 presents a
comprehensive sensitivity analysis. Section 7 provides discussion and managerial insights
based on the study’s findings. Finally, the conclusion and directions for future studies are
presented in Section 8.

2. Related Works
2.1. Off-Site Construction

Hussein, Eltoukhy, Karam, Shaban, and Zayed [18] recently presented a comprehen-
sive review of off-site construction supply chain management models. This research area
has received increased attention in recent years. Jeong et al. [21] used a simulation approach
to determine the supply chain’s CO, emissions, productivity, and cost. Zhai et al. [22]
presented a coordination scheme for the contractor and the prefabricator to achieve a
win-win coordination scheme. Zhai et al. [23] created a system to balance the contractor
and the transporter. Kong et al. [24] presented an approach that employs the idea of Just
in Time to the supply chain by taking two major factors into account, including on-site
assembly time and transportation time. The proposed model minimises total penalty costs
by presenting a polynomial-time algorithm. The model’s flaw was that transportation
times are calculated based on limited traffic levels and homogeneous vehicle types, limiting
the model’s applicability in real-world scenarios. Wang et al. [25] used GA to develop a
simulation-optimisation model to reach a near-optimal PC production sequence. They then
used a DES model to investigate the effects of the achieved production sequence on the
logistics stages” performance without considering the on-site installation stage. Lee and
Hyun [26] used GA to combine a MiC supply chain simulation model. The model was used
to determine an on-site installation schedule, the number of transportation trucks, and a
near-optimal production sequence, for MiC modules to reduce the number of modules
stacked on-site. Bamana et al. [27] provided a simulation model to assess the practical
impact of the Just in Time and lean principles on construction project completion time
and labour utilisation. Even though the suggested model was practical, it was limited to
medium-sized wooden construction sites. Hsu et al. [28] created a robust optimisation
model for determining the best production and logistics decisions that improve economic
sustainability by lowering supply chain expenses. Chen et al. [29] suggested both static and
dynamic collaborative scheduling mechanisms. The static one tries near-optimal time and
resource schedules to minimise total production and construction costs, whereas the dy-
namic one tries to minimise total costs incurred due to rescheduling in the event of supply
chain disruptions. The simulated annealing algorithm was used to solve the optimisation
problem. Yi et al. [30] formulated a model to decide the capacity of each truck employed to
transfer panels from the manufacturing site to the installation location. The model was cre-
ated to reduce total costs, involving holding costs and transportation. A greedy algorithm
was used to obtain the solution. However, the model only takes into account the product’s
weight while ignoring the product’s 3D volumetric features. This could limit the number of
products carried, resulting in inefficient truck utilisation. Lyu et al. [31] created a simulation
model to suggest the concept of zero-warehousing smart manufacturing, which entailed
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eliminating all non-value-added operations. The concept’s effectiveness was demonstrated
in a case study in Hong Kong. Liu et al. [32] formulated a multi-integer linear program-
ming model for determining the best precast construction storage plan. The model reduced
relocation times, as well as outbound and inbound transportation expenses. Multiple
stakeholders should be able to benefit from a win-win situation in the collaborative supply
chain problem. Ahn et al. [33] concentrated on improving transportation cost estimation,
which was previously calculated using a fixed cost approach. They used GIS techniques to
collect routing information. The extracted data was fed into a support vector regression
model, which predicted transportation costs. Lee et al. [34] presented a heuristic method
for finding the near-optimal staking plans for exterior wall panels on A-frame trailers. The
method reduces the number of trailer trips required while minimising double-handling and
guaranteeing the stability of transported panels. Hussein, Eltoukhy, Darko, and Eltawil [17]
proposed a simulation-optimisation approach for the planning of off-site construction
projects and conducted a comparative study of recent swarm intelligence meta-heuristics,
including the firefly algorithm, grey wolf optimisation, the whale optimisation algorithm,
the salp swarm algorithm, and one improved version of the well-known bat algorithm.
Yazdani, Kabirifar, Fathollahi-Fard, and Mojtahedi [11] explored production scheduling
of off-site prefabricated construction components considering sequence-dependent due
dates. Three integrated simulation-optimisation algorithms were proposed to address
the uncertainties and complexities associated with the stochastic nature of production
problems. MacAskill et al. [35] explored how OSC techniques that reduce development
timeframes may better deliver demography-linked housing supply to vulnerable groups
waiting for affordable rental housing. Yang et al. [36] identified and categorised sources of
uncertainties (SoUs) affecting off-site logistics in the context of modular high-rise building
projects in high-density cities. Liu et al. [37] employed the scientometric method to analyse
the literature on prefabricated buildings in the past ten years through analysis of co-authors,
co-words, and co-citation. Nguyen et al. [38] analysed the literature on stakeholder relation-
ships towards identifying patterns of relationships within the off-site construction context.
Recently, Masood et al. [39] conducted a systematic review of the available literature on
supply chain management within prefabricated house-building research.

2.2. Supply Chain Modelling

In the supply chain management research area, there are some relevant studies.
Guimaraes et al. [40] addressed a multi-supplier inventory-routing problem (IRP) with
capacitated customer points and vehicles. In order to manage the orders, Yao et al. [41] pro-
posed a multi-supplier and multi-product location inventory problem, which was based on
periodic inventory control policy (R, T) with the aim of determining the inventory level of
each distribution centre. Cabrera et al. [42] analysed the effects of inventory policies on the
decisions about distributing the products. To do this, a single-supplier and multi-product
inventory location model with stochastic constraints has been represented, which was
based on a periodic inventory control policy (R, s, S). Subsequently, Amiri-Aref et al. [43]
presented a multi-period location-inventory problem (LIP) to place the potential DCs, as
well as determining the inventory reorder point level in each period based on (s, S) policy.

Indeed, different real-world issues have made supply chain management more com-
plex to make accurate decisions. Due to the traffic conditions, some supplier warehouses
have been constructed on the outskirts of cities to store goods as intermediate points be-
cause plants cannot deliver goods directly to customers. Hence, the optimum location
of supplier warehouses to be established can be one of the critical decisions that location
problems cope with it [44]. Since inventory costs include ordering costs, inventory storage
outlays during each period, as well as lost costs due to the shortages, retailers, and mid-
dle warehouses are always concerned about the amount of ordering and safety stock in
stores in the way to reduce total costs while concomitantly achieving maximum customer
satisfaction [45]. Therefore, due to the necessity of simultaneously considering various di-
mensions of the distribution system, several cases have been investigated LIP in which the
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decision-maker can ascertain both locations of depots, such as warehouses, and the number
of inventory variables. In this field, the LIP model proposed by Daskin et al. [46], contrary
to an incapacitated facility location problem, the high local delivery costs may balance by
decreasing safety stock and working inventory. Furthermore, LIP has been modified by
Shen et al. [47], considering risk-pooling in that some retailers can be substituted for DCs
to serve other retailers.

One of the most significant elements of a supply chain of an off-site construction system
is the transportation mode. Various types of vehicles with different capacities affect freight
costs and help managers make more appropriate decisions according to the lead times and
the types of available vehicles [48,49]. Moreover, a network of roads enables interconnection
between different locations, so choosing the most suitable route according to the arrival
time is considered fundamental to the practice. In this regard, the integration of inventory
and transportation decisions, which optimises the ordering and delivery policies, was
represented by Zhao et al. [50]. The first research, which focused on a transportation—
location-routing problem, was investigated by Martinez-Salazar et al. [51]. This paper
integrated decisions about the number of vehicles with limited capacity with the location
routing problem. Furthermore, there are studies about transportation-inventory problems
(TIP) [52]. For instance, Lee et al. [53] developed a TIP model, and unlike traditional models,
the number of buyers and the number of intermediate stops may change in each period.

Moreover, many authors have taken into account the IRP [54,55]. Fokkema et al. [56]
proposed a continuous supply-centric IRP for the first time, in which inventories are
stored in containers that can be both movable and stable storages of capacitated vehicles
and depots, respectively. Further, Martinez-Salazar, Molina, Angel-Bello, Gomez, and
Caballero [51] developed an IRP by considering stochastic demand and a specified ser-
vice level to determine the safety stock while minimising the total costs. With a more
comprehensive perspective, location-inventory-routing problems (LIRP) have arisen so
that in addition to location-inventory decisions, managers can select the best routes for
transportation [57]. Max Shen and Qi [58] proved the efficiency of LIRP, as well as found
a low-order polynomial algorithm, by working on a stochastic problem. Moreover, the
research approximates the shipment from each DC to its customers using a vehicle routing
model, which has been solved by Lagrangian relaxation. Javid and Azad [59] demonstrated
that the approximation represented by Max Shen and Qi [58] is only appropriate in some
cases under specific assumptions. Therefore, for the first time, they represented a novel
model that simultaneously optimises LIRP in a stochastic supply chain system.

Additionally, Saragih et al. [60] addressed a two-stage heuristic method to solve the
proposed three-echelon supply chain problem by considering one supplier and proba-
bilistic demand of one product. The model proposed by Ghomi and Asgarian [61] was
an extension due to considering the transportation, location, inventory, and routing prob-
lems simultaneously for perishable products. Sazvar et al. [62] modelled a transportation
inventory routing problem for pharmaceutical products, which results in the optimum
location of disposal centres for medicine wastage and the solutions of pharmacies’ visiting
routes in a simultaneous pick-up and delivery problem. Although the article assumed
several suppliers, as well as capacitated facilities, there is still a gap to be fulfilled about
DCs’ service level and retailers’ lead times. Moreover, owing to the consideration of the
determined demand of each customer, the inventory management is delimited to holding
outlays and lost sales costs.

3. Problem Description

This study considers a construction project supply chain by formulating a bi-objective
transportation-location-inventory-routing problem in three echelons: off-site factories,
supplier warehouses, and construction sites. As the most fundamental objectives of a
construction project are a limited budget and due date, our study aims to minimise the
total costs of the supply chain and accelerate materials transportation. Construction phases
contain components’ manufacturing and supply, stacking and logistics, and final assembly
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in construction locations. Therefore, the proposed supply chain includes several off-
site factories that produce various types of materials and send them to open supplier
warehouses and subsequently to construction sites (Figure 1). Our supply chain problem
has several limitations, such as capacitated buildings and vehicles and the bounded lead
times. Therefore, we determined potential capacitated supplier warehouses with specified
opening costs and the optimum order amount for each component to: (i) serve the demand
of their allocated construction sites and (ii) optimise the supply chain expenditures and
routes for components transportation. Since unpredictable events may occur in this field,
one of the elements that can be assumed as an uncertain factor in a construction project is the
existence of uncertain demand, which leads to inadequate supply efficiency. To deal with
the stochastic demand in customer zones, all supplier warehouses hold a specified amount
of each component as safety stock to meet the construction site’s requirements with the
specified service level. We also consider the stochastic capacity constraints of warehouses
according to [42], with a specified value for risk level that prevents the inventory of
the warehouse from exceeding a maximum value. As mentioned, another key factor in
construction projects is the timeliness of the contract. To supply and access materials as
quickly as possible, we need to choose routes with less time. To avoid project prolongation,
we consider constraints related to average lead time at off-site factories and supplier
warehouses to accelerate transferring components to construction sites considering their
demand. Therefore, our proposed problem contains two-stage modelling: The first stage is
called the transportation stage of TLRP, which is related to the distribution of components
from off-site factories to open supplier warehouses. The second is called the routing stage
that contains the distribution of components from supplier warehouses to construction
sites. As we mentioned before, this study is according to an (R, s, S) inventory control
policy, in which levels of inventory are checked each r period. In the condition that the
inventory level is lower than s, an order is placed to reach the level of S. Therefore, the
order quantity has got to consider the well-known undershoot magnitude (US ;¢), which is
the number of items required besides s to reach S items of inventory [42].

~ 77

- Q
."‘ui
...... - supplier warehouse

S?P fer warehouse;‘ Construction site ﬁm‘

iy

ey
oo &
~
‘% " Off-site factories
§ V. )/\/’ /

o, Fal S
Off-site factories

Figure 1. Example of the problem.

3.1. Assumptions

Mathematical modelling techniques may successfully condense and emphasise the
most relevant parts of real-world decision-making situations. However, these problems are
often difficult [63]. As a result, considering all features of a real-world situation may either
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make a model too sophisticated to draw conclusions from or preclude an otherwise correct
model from explaining empirically recognised problems. As a result, successful models
depend significantly on simplifying assumptions that minimise complexity while keeping
the system’s primary attributes. As a result, our mathematical modelling considers the
following assumptions, resulting in a highly effective model:

e  Each supplier warehouse can store different types of components, and each type of
component has a specified risk level, which is identical in all warehouses.

The risk level depends on the component type.

The amount of safety stock and reorder point depend on the component type.

LT depends on the origin and the destination.

Order quantity and LT in a supplier warehouse are estimated by weighted average.
Fixed ordering cost and holding cost is identical in all supplier warehouse.

3.2. Notation and Index

The sets, parameters, and variables described below are employed to formulate the
problem. In addition, Appendix A provides some additional parameters for developing
the model.

Sets and Parameters

n The number of off-site factories.

m The number of potential sites for supplier warehouse location.

n The number of construction sites.

£ The number of components.

X=12,...,n Set of indexes for off-site factories.

J=12,...,m Set of indexes for supplier warehouses.

J=m+1m+2,....m-+n Set of indexes for construction sites.

F=1,2,...,¢ Set of indexes for components.

app Component capacity in off-site factory % for component £.

de - Cost of sending one truck from off-site factory % to supplier
kg warehouse j.

R Truck capacity, off-site factory-supplier warehouse

transportation stage.

g Fixed cost for opening and operating of supplier warehouse ;.
Cost of visiting construction site/supplier warehouse j right
after construction site/supplier warehouse ¢ in the route stage.

VCan Vehicles capacity on the route stage.
Travelling distance from construction site/supplier warehouse

Ty . . . . .
1 to construction site/supplier warehouse j.
0¢; Fixed ordering cost at supplier warehouse j.
He; Holding cost per time unit at supplier warehouse j.
Hip Mean demand of construction site ¢ for component £ per day.
oy Standard deviation of the demand of construction site ¢ for

component £ per day.
ICan iy Capacity at supplier warehouse j for component £.
Maximum order quantity at supplier warehouse j for

Qeanjy component £.

R; Inventory check period at supplier warehouse j in days.

T Average lead-time at supplier warehouse j to construction site
v 1 in days.

LTy Average lead-time at off-site factory % to supplier warehouse j

+ in days.

1—a; Value of service level at supplier warehouse j.

By Value of risk level at each supplier warehouse for component £.

T Maximum possible total traveling distance of a vehicle in the

route stage.
A Transportation time unit per distance unit.
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Variables
X, Amount of component £ sent from off-site factory % to supplier
kif warehouse j.
e s The number of trucks sent from off-site factory % to supplier
ki warehouse j.
Q. Minimum order quantity of component f from supplier
if warehouse j if D;p > 0.

Q, . Order quantity of component f sent from off-site factory % to
kit supplier warehouse j. It is greater than 0 if d; > 0 and 0 o.w.
iy Total mean demand of component f at supplier warehouse j. It
it is greater than 0 if there exists at least one d;; >0 and 0 0.w.
v, Total variance demand of component £ at supplier warehouse j.

i

It is greater than 0 if </; >0 and 0 0.w.

Variable used to prevent exceeding the vehicles capacity and for
U; sub-tour elimination. It represents the load of the vehicle after
visiting construction site <.

Variable to prevent exceeding the maximum distance constraint.

& It represents the distance travelled by the vehicle after visiting
the construction site <.
T; Delivery time for construction site <.
Lonin Length of the shortest route.
Lonax Length of the longest route.
1 If supplier warehouse j is open
Yi { 0 Otherwise
1 If construction site ¢ is assigned to supplier warehouse j
Zij { 0 Otherwise
V(1 If construction site ¢ is the first construction site in any route of
DC(()%) { 0 supplier warehouse j
Otherwise
V(1 If construction site ¢ is the last construction site in any route of
DC%) { 0 supplier warehouse j
Otherwise
G 1 If construction site £ is visited just after construction site ¢ in
DCij { 0 any route of supplier warehouse j
Otherwise

3.3. Mathematical Formulation

For our bi-objective model, we presented the following mathematical model.

m

minfy= ¥ (g;u5) + T ¥ dajwn;+ T v (€ x5 +e,;xld)
i=1 VheX Vied Vl€3VL€j
Ly Yy e Z Z( 0e,D; +mej(Qlﬁusﬂg))
ViEavicd ] ¢ | R W} ,3+usl,g) 2
14

m
+ L ﬁ):l(ﬂfei(@; R+ 21y /Ry +WET g /057 — USp))
Pt

mi”ﬁZ = Lmin — Limax

Subjected to:
Y. Xpjp < opg Vh €KX, VEET (1)
Vied
wyy > Heg X VhEX, Vi€d ()
L Xujp <ICanjsy; Vi€d VEeTF 3

YheXK
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Qir +DjpR; + <Z'1*"‘1 + /R +WLTp + Zl—ﬂp /WLTJ}@) Vip

< JCapjpy;
o Lrex BTri Xngp
WL‘J’# T Lhex xic.i!’ ’

n
Dip = L #apZi
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The first objective function minimises the transportation, installation, ordering, and
holding costs and the second one represents a well-balanced set of routes. Constraint (1)
ensures not exceeding the off-site factories’ capacity. Constraint (2) links the number of com-
ponents sent from each off-site factory to each supplier warehouse with the capacity of the
trucks. Constraint (3) prevents exceeding each supplier warehouse capacity. Constraint (4)
guarantees that the amount of each component sent to each supplier warehouse must
exactly be the same as the sum of the mean demands of all construction sites assigned to
each supplier warehouse for each component. Constraint (5) ensures that each construction
site is assigned to a single supplier warehouse. Constraint (6) certifies that the construction
sites are only assigned to the created warehouse. Constraint (7) imposes that the number of
vehicles leaving a supplier warehouse must equal the number of vehicles returning to that
supplier warehouse. Constraints (8) and (9), first, compel that each construction site must
be visited only after one supplier warehouse or after another construction site. Second,
these constraints enable the routing infrastructure only between construction sites allocated
to the identical supplier warehouse. Intending to avoid exceeding vehicle capacities, as
well as the sub-tours existence, constraints (10) and (11) are considered. These constraints
originate from the travelling salesman problem to eliminate classical sub-tour obstacles [64].
We develop the formation of open paths with the capacity limitation related to assigned
construction sites, in which the sum of demands should be lower than VCan. Taking
the second objective function into account, constraints (12), (13), and (14) guarantee the
variable e; to obtain the optimum value of the distance travelled by the vehicle after visiting
construction site ¢. In constraint (12), variable ¢, indicates the length of the route until
construction site ¢. Then, variable e; is compelled to take the value of 7; ; when construction
site 1 is the first in a route of supplier warehouse j (constraint (13)), while constraint (14)
actives the exceeding prevention of the maximum length limit ¢. Constraint (15) is required
to calculate the longest route in the routing phase. When construction site ¢ is the last in a
(1)

0

route of supplier warehouse j, variable x;;’ takes the value of 1. For other construction

sites on the same route, the values of e; + ) v cg Ti xE‘é) will always be lower than the one
for the last construction site. Therefore, the greater the value of e; + 7;;, the longer route
will be created. Constraint (16) determines the routing stage to obtain the shortest route. If
construction site ¢ is not the last in a route, the variables x%) are always zero; therefore, the
expression e; + T is greater than the duration of any route. If construction site ¢ is the last
in a route of supplier warehouse j, then x%) =1, having as a result {,,;, < e; + T;;. Note
that the objective that minimises £2 = L0y — L yipy forces L4y to obtain the lowest possible
value (duration of the longest route), and £,,;,, takes the greatest possible value (duration
of the shortest route) [51]. Constraint (17) ensures that the supplier warehouse’s capacity
does not exceed the upper line. Constraint (18) represents the average weighted delivery
time. Constraints (19) and (20) show the variance and mean demand for component £
in supplier warehouse j. Constraint (22) ensures that WLT ; for each construction site ¢
does not exceed the appropriate level and makes construction sites with more demands
have less £T; ;. Constraint (23) is related to the delivery time for each construction site <.
Constraints (24) and (25) balance the amount of input and output components for each
supplier warehouse and off-site factory. Constraint (26) represents the amount of decrease
in inventory level s at the ordering time. Constraint (27) defines the type of variables that
are used.

4. Solution Method

The proposed model includes two objective functions to be minimised. We can
apply the exact, heuristic, or meta-heuristic approaches to solve the mathematical models.
Regarding the NP-hard nature of the problems, the solutions of large instances might be
inappropriate, especially related to the considerable solving time. Therefore, heuristic
or meta-heuristic approaches are recommended to be utilised to achieve near-optimal
answers in a reasonable time. Many real-world optimisation problems are difficult, notably
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in the construction sector [4]. Meta-heuristic algorithms may be utilised to solve these
difficult problems [65,66]. There are several advantages of employing meta-heuristic
algorithms [67,68]. They can be applied to any problem that can be expressed as a function
optimisation problem [69], are typically easier to understand and implement [70], can solve
larger problems faster [71], are simple to design and implement [72], are very flexible [73,74],
and can be combined with other techniques [75]. Accordingly, we solve the bi-objective
model in two sizes in order to evaluate the applicability of the proposed problem. The
exact method solves the small size instance using Generalised Algebraic Modelling System
(GAMS) software’s BARON and provides optimal solutions. Moreover, a Grasshopper
Optimisation Algorithm (GOA) is applied to solve large sample problems.

4.1. Multi-Objective Approach

In order to obtain the optimum solution of our bi-objective mathematical model, we
apply the Lp_metric method for small and large problems, respectively, which gathers
two conflicting objectives and normalises them into one function [76]. The approach in
the Lp_metric method defines the summation of the weights (A;), which are multiplied by
every normalised objective function (Z/°""). In this study, given both objective functions
are to be minimised, we have:

Min Zpq = Ay ZP™ + (1 — Ay ) Z5°™ (28)

Owing to minimising both objective functions, the normalised values of Z; are obtained
from the equation below:
Z;— Zmn
Z;’lofm — 1

- gmax _ 7min
i i

(29)

Due to the importance of each objective function and the decision maker’s preference,
the weights will be determined. To attain Pareto optimal solutions, a dispersed weighted
vector was produced [77].

4.2. Grasshopper Optimisation Algorithm (GOA)

The GOA algorithm is proposed by Saremi et al. [78], which is a meta-heuristic
optimisation method inspired by grasshoppers” group behaviour. This method imitates
and simulates the behaviour of grasshoppers in nature and their group movement towards
food sources [79]. The capability of GOA in tackling complex problems has been proven by
numerous studies [80-82].

Three factors affect the grasshopper movement, including social interaction (So;), the
wind advection (Ad;), and the gravity force (Gf;). The representation position for the i-th
grasshopper (X;) is defined by the following equation:

X; = So; + Gf; + Ad; (30)
where So; is defined as:
H X; — X;
J=Lj# g

In the above equation, S is a function that is defined as follows (k and u are constant
parameters):

S(t) =kxen —e (32)
In addition, d;; = }Xj — X;| and H are the quantity of grasshoppers in the swarm. In

addition, in Equation (30) Gf; = —gr X &, where gr is a constant parameter and &g/ is a
unity vector. Furthermore, Ad; = h x é,,; where & is a constant parameter and é,,; is a unity
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vector. According to Saremi, Mirjalili, and Lewis [78], Equation (30) can be modified to
reflect the actual conditions of the grasshoppers’ movement, and it is represented as follows:

Xf-‘—K( Y KRk lb" (’ Xk

j=1j#i

i
)]d]> + T (33)

where uby and by denote the upper bound and lower bound, respectively. Ty is defined as
the value of the k-th dimension in the target, while K is defined as:

Kiax — Kipi
K = Kpax — 1 x =211 T (34)
m

In general, the GOA steps are as Algorithm 1.

Algorithm 1 Grasshopper Optimisation Algorithm

1: Input: The position of grasshoppers X;(i=1,2 ..., H), the boundaries, Iy, Kuax, Kiyin
2: Output: the best solution (A)
3: Whilei < I;; do
4: Update the value of K by using the Equation (34).
5: For each position do
6: Normalised the distance between grasshoppers.
7: Update the current position of the individual by the Equation (33).
8: The current search agent will be brought back if it is outside the boundaries.
9: If a better solution becomes available, A is updated.
10: Endfor
1:i=i+1
12: Endwhile
13: Return A

As our model is an NP-hard problem, we use a meta-heuristic algorithm to solve the
large size problem. The GOA is submitted as one of the optimisers. Hence the optimal re-
sults of the small instance were almost similar to solutions provided by the GOA algorithm,
which means the GOA algorithm would be appropriate for large size instances.

5. Numerical Results

The model is validated by some test problems to verify the effectiveness of the pro-
posed supply chain model. Therefore, small and large-size instances are provided to be
solved. As the number of facilities increases, it takes longer to solve the problem. In addi-
tion, solving NP-hard problems with exact algorithms are difficult and time-consuming,.
Therefore, applying the GOA algorithm for this problem is an appropriate solution. The
information about small and large-size instances is as follows:

5.1. Small-Size Sample Problem

Five construction sites are considered for the small-size problem, and their demand for
two components are supplied by three supplier warehouses that buy components from two
off-site factories. Table 1 illustrates the input data used for parameters, and Table 2 shows
the optimal results obtained by GAMS and GOA. We run the GOA five times, and the
results demonstrate that the amounts of variables that GAMS obtain are virtually similar to
the GOA results. Therefore, the presented GOA algorithm is efficient and can be applied to
large-size problems.

Figure 2 shows the allocation of construction sites to each supplier warehouse and
depicts the routes between the supplier warehouses and construction sites for sample
small-size problems obtained by GAMS and GOA.
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Table 1. Data for the small-size problem.

Number of customers (n) =5
R =200
VCan = 80
£ =0.05

T=38

R; = (2,1,3)

0€; = (80,75,80)

Bs = (0.85,1.04)

af = (1.29,1.65,1.29)
g; = (3000,5000,4000)
He; = (45,35,25)

Table 2. Optimal results for sample small size problem.

Variable Amount Gams GOA
Optimal value of the first 29308 x 10* 29658 x 10* 29703 x 10*  2.97569 x 10  2.94267 x 10  2.9553 x 10*
objective function.
Optimal value of the second
objective function. 0 2 2 2 2 3
Average weighted delivery time of
supplier warehouse 1 for component f. (0.11, 0.11) (0.12, 0.12) (0.13, 0.12) (0.13, 0.13) (0.14, 0.13) (0.13, 0.12)
Average weighted delivery time of
supplier warehouse 2 for component f. (0.11, 0.11) (0.11, 0.12) (0.13, 0.11) (0.11, 0.13) (0.11, 0.12) (0.12, 0.12)
Average weighted delivery time of
supplier warehouse 3 for component f. (0.16, 0.17) (0.16, 0.16) (0.15, 0.14) (0.16, 0.15) (0.15, 0.16) (0.16, 0.15)
Minimum order quantity of component f
from supplier warehouse 1. (22, 49) (24, 59) (24, 59) (24, 60) (24, 60) (24, 60)
Minimum order quantity of component f
from supplier warehouse 2. (19, 44) (28, 50) (24, 50) (28, 50) (28, 50) (29, 50)
Minimum order quantity of component f
from supplier warehouse 3. (35, 44) (25, 59) (28, 50) (25, 60) (25, 60) (25, 60)
Amount of component f sent from
off-site factory 1 to supplier warehouse 1. (23, 50) (7.17) (6, 18) (7,17) (5.17) (7, 15)
Amount of component f sent from
off-site factory 1 to supplier warehouse 2. 0.0) (29, 71) (31, 60) (26, 71) (34 61) (27,57)
Amount of component f sent from
off-site factory 1 to supplier warehouse 3. (24, 30) (9, 18) (8 10) (9. 15) (6,17) (9.17)
Amount of component f sent from
off-site factory 2 to supplier warehouse 1. (0..0) (5 14) (5 21) (7. 13) (6, 13) (519)
Amount of component f sent from
off-site factory 2 to supplier warehouse 2. (39, 90) (28, 29) (25, 39) (28, 25) (22, 39) (27, 41)
Amount of component f sent from
off-site factory 2 to supplier warehouse 3. (0.0) (8 22) (9, 29) (8, 26) (7. 32) (8 27)
Number of trucks sent from off-site 1 1 1 1 1 1
factory 1 to supplier warehouse 1.
Number of trucks sent from off-site 0 1 1 1 1 1
factory 1 to supplier warehouse 2.
Number of trucks sent from off-site 1 1 1 1 1 1
factory 1 to supplier warehouse 3.
Number of trucks sent from off-site 0 1 1 1 1 1
factory 2 to supplier warehouse 1.
Number of trucks sent from off-site 1 1 1 1 1 1
factory 2 to supplier warehouse 2.
Number of trucks sent from off-site 0 1 1 1 1 1
factory 2 to supplier warehouse 3.
Order quantity of component f sent from
off-site factory 1 to supplier warehouse 1. (46, 100) (27, 66) (14, 44) (25, 60) (27, 59) (27, 46)
Order quantity of component f sent from
off-site factory 1 to supplier warehouse 2. (0,.0) (29, 71) (32, 50) (29, 71) (34, 61) (25, 50)
Order quantity of component f sent from
off-site factory 1 to supplier warehouse 3. (72,90) (26, 54) (24, 50) (26, 57) (27,57) (26, 52)
Order quantity of component f sent from
off-site factory 2 to supplier warehouse 1. (0.0) (21, 54) (34, 44) (25, 54) (27,51) (23, 65)
Order quantity of component f sent from
off-site factory 2 to supplier warehouse 2. (39, 90) (28, 29) (25, 39) (28, 28) (22, 38) (29, 40)
Order quantity of component f sent from 0, 0) (25, 66) (27, 78) (21, 74) (30, 61) (25, 68)

off-site factory 2 to supplier warehouse 3.
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Figure 2. Optimal routes and allocation of construction sites.

In a multi-objective approach, we solve the problem by dispersing weighted vectors.
Pareto optimal solutions are calculated by assigning different weights. Pareto solutions
indicate that there is a set of solutions that have no preference for each other, so we do
not have a unique optimal solution. We prepare a set of solutions based on the decision
maker’s preferences and real-world conditions in these problems. Table 3 disperses the
weighted vectors presented. The first row of Table 3 depicts the weights assigned to the first
objective function and the second row implies the weights assigned to the second objective
function. The problem is solved for each value, and the results are available in Table 4.

Table 3. Applied dispersed weighted vector.

Solution 1 2 3 4 5 6 7
W1 0.1 0.3 0.5 0.6 0.7 0.8 0.9
W2 0.9 0.7 0.5 0.4 0.3 0.2 0.1

Table 4. Optimal objective function values for each of the weight vectors (Pareto optimal solutions).

Solution 1 2 3 4 5 6 7
zmin 35490 x 10* 33990 x 10*  3.2814 x 10*  3.2003 x 10*  3.1400 x 10*  3.0772 x 10*  2.9908 x 10*
Zpin 0 1 3 4 5 6 7

5.2. Large-Size Sample Problem

To define the problem at a large size, ten construction sites are considered, and their
demands for four components are supplied by five supplier warehouses, which buy com-
ponents from four off-site factories. GOA is applied to the data, and results are reported in
Tables 5-8.

Table 5. Average weighted delivery time of each supplier warehouse for each component.

Supplier

Warehouse Component 1 Component 2 Component 3 Component 4
1 0.13 0.13 0.13 0.13
2 0.14 0.14 0.14 0.13
3 0 0 0 0
4 0.15 0.15 0.14 0.14
5 0.19 0.2 0.19 0.19
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Table 6. Number of components sent from off-site factories to supplier warehouses.
Component Off-Site Supplier Supplier Supplier Supplier Supplier
Factory Warehouse 1 Warehouse 2 Warehouse 3 Warehouse 4 Warehouse 5
Component 1 1 2 40 0 12 32
2 3 58 0 1 32
3 2 4 0 7 5
4 4 53 0 3 44
Component 2 1 11 38 0 13 30
2 11 42 0 8 9
3 5 24 0 21 77
4 4 41 0 9 17
Component 3 1 4 32 0 7 49
2 5 3 0 8 25
3 4 66 0 13 33
4 4 54 0 16 47
Component 4 1 5 0 0 9 27
2 16 56 0 11 26
3 24 56 0 11 56
4 4 55 0 9 62
Table 7. Order quantity of components sent from off-site factories to supplier warehouses.
Component Off-Site Supplier Supplier Supplier Supplier Supplier
Factory Warehouse 1 Warehouse 2 Warehouse 3 Warehouse 4 Warehouse 5
Component 1 1 10 40 0 25 32
2 11 58 0 1 32
3 8 4 0 13 5
4 19 52 0 6 44
Component 2 1 42 38 0 25 30
2 43 42 0 15 9
3 18 24 0 41 77
4 16 41 0 17 17
Component 3 1 16 33 0 15 49
2 20 3 0 16 25
3 15 66 0 26 33
4 15 53 0 32 47
Component 4 1 21 0 0 18 27
2 64 56 0 22 26
3 99 56 0 22 56
4 15 55 0 17 62

Table 8. Minimum order quantity of component £ from supplier warehouse j.

V\?;E}I:(l:l:e Component 1 Component 2 Component 3 Component 4
1 24 60 34 99
2 77 72 77 83
3 0 0 0 0
4 23 50 45 40
5 56 67 77 86

Figure 3 shows the convergence of the GOA algorithm with the optimal solutions, and
Figure 4 shows the allocation of construction sites to each supplier warehouse and depicts
the routes between supplier warehouses and the construction sites for large-size sample
problems. As we see, supplier warehouse three did not open, and construction sites were
assigned to the rest of the supplier warehouses.
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Figure 4. Optimal routes and allocation of construction sites for the sample large-size problem.

6. Sensitivity Analysis

Sensitivity analysis for some parameters is important because it can provide a prof-
itable insight. The solution data shows that total costs increase by increasing the review
period (Figure 5). Actually, in order to prevent inventory shortages when the review period
increases, more safety stock should be maintained; therefore, holding costs will increase.
Furthermore, by increasing the review period, the order quantity needs to be increased to
meet the demands in a longer period. As a result, the amount of inventory in warehouses
increases, and given the fact that each warehouse has a maximum capacity limit, more
warehouses have to be created. Therefore, by increasing the review period, inventory costs
will increase, excessive warehouses will be created, and finally, the total costs will increase.
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Figure 5. Total cost at different review periods.

As the review periods increase, the time interval between two consecutive inventory
checks increases. Sequentially, the time interval between two consecutive orders will
increase. Therefore, it is required to maintain more safe stock in order to meet the construc-
tion sites” demand over a longer period. As we see in Figure 6, the solution data shows
that by increasing the review period, the amount of safety stock will increase in order to
meet demand.
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Figure 6. Safety stock at different review periods.

Similar to the above analysis, by increasing the review period, order quantity will
increase as much as the capacity of each supplier warehouse allows and if it exceeds the
capacity of each supplier warehouse, then the new supplier warehouse will be opened.
Therefore, the order quantity will decrease because more supplier warehouses supply
consumers’ demand. Again, by increasing the review period, the order quantity increases
as much as the capacity of existing supplier warehouses allows and again, when the
amount of inventory reaches the capacity of existing supplier warehouses, a new supplier
warehouse will be opened, and the order quantity in supplier warehouses will be reduced
because there are more supplier warehouses. This trend is shown in Figure 7.

If the supplier warehouses have more capacity, the constraint that is related to supplier
warehouse capacity becomes more relaxed. Therefore, the feasible region becomes greater,
and the possibility of finding the optimal solutions increases. Therefore, the objective
function can be improved. In practice, when supplier warehouse capacity increases, the
number of supplier warehouses that need to be opened will be reduced. Therefore, the
high cost of establishing supplier warehouses will decrease. Furthermore, construction
sites will be assigned to fewer supplier warehouses when the number of opened supplier
warehouses decreases, which reduces routing costs. For example, when two construction
sites are assigned to one supplier warehouse, the vehicle can meet them in one trip, without
returning to the supplier warehouse, while if two construction sites are assigned to two
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different supplier warehouses, it needs two vehicles to move from each supplier warehouse
in order to supply construction sites” demand. Therefore, by increasing each supplier
warehouse’s capacity, the value of the objective function will decrease nonlinearly, but
the number of supplier warehouses cannot be less than a specific amount because, for
supplying construction sites, a minimum number of supplier warehouses need to be open
and each supplier warehouse has its specific routes in order to supply construction sites’
demand. Therefore, more reduction in the number of supplier warehouses is not possible
by further increasing the supplier warehouse’s capacity. As we see in Figure 8, improving
the amount of objective function continues up to a specific amount.
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Figure 7. Order quantity at different review periods.
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Figure 8. Total cost at different supplier warehouse capacities.

As is expected, the possibility of assurance from inventory level increases as the
amount of service level rises. Therefore, the amount of safety stock must be increased
in order to reduce the inventory shortage. Therefore, by increasing the amount of safety
stock, maintenance costs will grow up. Additionally, the number of supplier warehouses
may increase due to the limited supplier warehouse’s capacity. This will add fixed costs of
establishing more supplier warehouses, and consequently, routing costs will increase. As
we see in Figure 9, the solution data illustrates that total costs will rise by enhancing the
service level. As we see in Figure 10, the higher the service level, the greater the safety stock
will be. In other words, by enhancing the service level, the company’s commitment to meet
demand increases, so the amount of safety stock must be increased to supply demands to
the greatest extent. When the weighted average lead time increases, it means that receiving
components from the off-site factories to supplier warehouses will take longer. This will
bring about the increment in delivery times for construction sites, which are shown in
Figure 11.
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Figure 10. Safety stock at different service levels.
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Figure 11. Delivery times for construction sites at different weighted average lead time.

7. Discussion and Managerial Insights

In this section, the behaviour of the model in regards to parameter changing is analysed
to obtain a considerable managerial insight. Although Martinez-Salazar, Molina, Angel-
Bello, Gomez and Caballero [51], and Ghomi and Asgarian [61] mentioned some analyses,
the gaps of the (R, s, S) inventory control system by consideration of supplier warehouses’
service level and construction sites’ lead-times are fulfilled in this study. Because article [58]
considered the certain demand of each construction site, safety stock is not accurate in
the model. Therefore, the results of sensitivity analysis are confined to the impacts of lost
sales and holding costs on total costs. In addition to considering uncertainty like many
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papers, e.g., [83-85], demand is uncertain in this study, (R, s, S) inventory replenishment
is considered.

Due to the acquired results, one of the key factors in inventory management is the
review period. According to Figures 6-8, the longer the review period assumed, the more
order quantity and more safety stock to tackle uncertain demand required. Subsequently,
the holding costs and the establishment outlays of more supplier warehouses are derived,
which cause higher total costs. Therefore, it is better for managers to consider a short review
period. On the other hand, as the review period becomes shorter, there is a shift to inventory
policies with a continuous review that increases review costs. Therefore, management
should consider an optimal value for the review period that balances inventory costs and
the inventory review.

On the other side, considering the capacitated structures and vehicles, as well as
specific service levels of supplier warehouses, is a real-world condition in which managers
should handle their decisions, and in this study; it has been addressed, unlike article [58].
According to Figure 9, it is clear that increasing the capacity of distribution centres does not
always improve the objective function. Due to the volume of demand that construction
sites have and each distribution centre’s logistics, a minimum capacity of distribution
centres is required. Therefore, the capacity limit at which each distribution centre can
reduce the objective function will be very important for management to avoid additional
costs. In other words, the higher the capacity of supplier warehouses is, the less number
of distribution centres, and consequently, the fewer establishment costs in addition to
routing outlays will be. However, to satisfy the proper routing problem by determining
several road networks, the number of supplier warehouses cannot be less than a specific
quantity. Furthermore, the limitation of each construction site due to its lead-time makes
the managers open the optimum number of supplier warehouses to reduce the total costs
and gain the most construction sites’ satisfaction simultaneously. Moreover, other economic
and managerial implications can be presented as:

Managers must shorten the review period in order to reduce inventory costs. Managers
can also reduce warehouse inventory stock by shortening the review period. Furthermore,
by increasing the amount of safety stock inventory, managers can reduce the number of
inventory inspections and, as a result, inspection costs. Furthermore, increasing the order
quantity reduces inventory inspection costs while increasing inventory maintenance costs.
The model developed in this study can assist managers in determining the optimal amount
of order quantity and the interval between inventory inspections. Furthermore, as shown
in Figure 6, if managers are unable to extend the review period, the total cost will rise. As
a result, according to Figure 9, they must increase warehouse capacity in order to reduce
costs. Furthermore, as shown in Figures 10 and 11, if managers had increased the service
level, they would have invested more in increasing the inventory level. To compensate,
they can increase the capacity of warehouses, lowering total costs.

8. Conclusions and Future Directions

More companies are adopting off-site construction because of the advantages of
preparing construction components in a controlled manufacturing environment. However,
component supply chain issues, on the other hand, remain unresolved. Because of this,
an off-site construction supply chain management model with stochastic constraints is
proposed using a three-echelon supply chain management model. In this paper, multiple
off-site factories produce various components and ship them to supplier warehouses in
order to meet the needs of construction sites. In the proposed model, the first objective
represents the costs, and the second represents the balance of drivers’ workloads. We
develop an MINLP model based on a periodic inventory review policy (R, s, S), in which
multi-suppliers send different components to supplier warehouses to satisfy the demands.
The model was an NP-hard one; therefore, the GOA algorithm was applied to solve the
large-size problem. We solved a sample small-size problem by both GAMS and GOA. The



Buildings 2022, 12, 119

21 of 25

results were almost similar, suggesting that the proposed GOA algorithm is appropriate for
solving large-size problems.

In this paper, we simultaneously consider different dimensions of an off-site construc-
tion project in the real world, such as multiple suppliers, multiple components, routing
problems, ordering systems in the warehouses, which have not been considered in previous
work. The results illustrate that with the prolongation of the review period, the safety stock
in each supplier warehouse increases to the maximum capacity of each supplier warehouse,
and subsequently, order quantity will increase, which raises the total costs. Moreover, the
solution data demonstrates that by enhancing the service level, more safety stock is needed,
and subsequently, the total costs will increase.
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Appendix A

We define US ;; as follows [42]:
Ve RiDjg
2Dy 2

Usp =

Therefore, when an order arrives at supplier warehouse j, the inventory level becomes
s¢ — US; and the order quantity would be §; — 3, + US;.
Demand during LT for component £ at supplier warehouse j is:

ZSSDW (WLTp) = 8D, (£T)

B
We let LT = WLTy, the maximum inventory level of component £ at ordering time

is calculated as follows:
5p —USp +8p —ap —USp — 8Dy(LT) = 8y — 8Dy (LT)

Therefore, for each supplier warehouse, we have:

8t —8D;y(LT) = Imawx iy (A1)
In order to satisfy the capacity constraint for each supplier warehouse, we have:

T(Jmawiﬁ > Jca,pi,g) < B¢ (A2)
Substituting Equation (A1) into Equation (A2) results in Equation (A3), as follows:

P(8;¢ —8D;(£T)) > ICanyy) < By (A3)
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Similar to [86], after some algebra we have:

Siﬁ < Jcaﬂiﬁ + (DiﬁWLTJﬁ) - Zl,/gﬂ/WLTifviﬁ (A4)

and similar to [42], we have:
Sit = Qjr + 3¢ (A5)

Because s is the reorder point for product f in supplier warehouses j, the demand
must be satisfied during WLT;p + R;. Therefore, by considering the service level for
supplier warehouse j we have:

P(SDip(WLT jp 4+ R;) <o4p) =1—n; (A6)

After some algebra, the reorder point is computed as follows:

20 =D (WET g+ R;) + 21, \/ (WLT ¢ +R;) V¢ (A7)

In respect to Equations (4), (5) and (7), the capacity constraint for component £ in
supplier warehouses j is calculated as follows:

Qip + Dif—’(:Ri) + <le‘i A/ (WLTiﬁ + le') + Z.]_‘B’€ WL‘TJﬁ) \/Vip < Jeansp (A8)
Safety stock is equal to average inventory just before an order arrives, so we have:
88;¢ = E(Jj¢) = Esjp — USjp = SD(WLTyp)) =0y —US;p — DyyWLTyp  (A9)

Finally, by replacing Equation (A7) in Equation (A9) we have:

8854 = DR + i (WETj +R;)V,p — US (A10)
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