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Abstract

We study an original two-echelon production routing problem with multiple delivery modes (2E-PRP-
MDM). In the first echelon, the primary production facility is tasked with satisfying the demands of two
distinct entities: a set of warehouses and a set of customers through direct shipments. In the second echelon,
warehouses become delivery hubs, meeting the needs of another group of customers with the possibility of
delivering several customers using the same vehicle, which entails routing decisions. The use of two differ-
ent delivery modes is justified by the segmentation of customers into very important customers with high
volumes (first echelon) and low-volume customers (second echelon). This supply chain structure requires
efficient decisions on production planning, routing, and practical resource allocation across both echelons.
In order to address this challenging optimization problem, we have developed a mixed-integer linear pro-
gramming (MILP) formulation and two heuristics, a three-phase iterative (3PI) approach, and a simulated
annealing (SA) algorithm with path relinking. Extensive numerical experiments showed that the simulated
annealing heuristic with path relinking (PR) outperforms the 3PI approach, which in turn outperforms the
branch-and-cut procedure of the solver when run on the MILP formulation. In terms of managerial insights,
we compared scenarios with and without delivery flexibility from the manufacturing to warehouses to the
customers. Our findings provide valuable insights for managers seeking to reduce costs, based on the analysis
of the supply chain of an Algerian soft drink company. The results show that an integrated approach achieves
a cost reduction of over 2.73% compared to the current practice of the company. Additionally, they reveal
that increasing the number of warehouses does not always lead to lower total costs.

Keywords: production planning; local search; mixed-integer linear programming; two-echelon production routing prob-
lem
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1. Introduction

Coordination and integration of decisions in supply chain planning are key strategies to enhance
supply chain profitability (Khan et al., 2014). Even before the emergence of supply chain manage-
ment concepts, it was emphasized by Bowersox (1969) that decision integration should be between
different stages of the product flow. Which can be translated in nowadays terms by the concept
of vertical supply chain integration. Such integration is motivated by increasing efficiency and by
the booming of e-commerce and smart retail stores, and it is supported by new business practices
such as the vendor-managed inventory and technological enablers such as the industrial Internet
of Things. A recent survey by Hrabec et al. (2022) showed that decision integration can result in
cost savings of up to 28.03% and 11.1% on average. Nevertheless, decision integration results in a
variety of challenging optimization problems.

However, full integration of decisions throughout all supply chain stages can be extremely
challenging from both a practical and managerial point of view as well as from an optimization
perspective. The decision integration requires coordination between decision-makers in different
supply chain stages. Such coordination is challenging when the decision-makers belong to different
departments in the same company, much less when they belong to different organizations. From an
optimization point of view, considering all decisions in a single monolithic model results in a very
complex optimization problem that can be extremely difficult to solve.

Hence, in the OR/MS literature, there exist several studies inspired by real industrial applica-
tions that consider the integration of decisions between a few processes or departments. Examples
include lot sizing with transportation and facility location (e.g., Ambrosino and Scutella, 2005),
production planning with quality inspection (e.g., Khan et al., 2014), and maintenance and opera-
tions scheduling (e.g., Pandey et al., 2011). One of the most challenging problems with interesting
applications is the production routing problem (Adulyasak et al., 2015b).

This study was inspired and driven by the challenges faced by a manufacturer of personal protec-
tive equipment. During the COVID-19 pandemic, the company experienced a significant surge in
demand, exposing substantial limitations in its supply chain. These include a decoupled approach
to production and distribution planning, a retailer-managed inventory system that results in high
costs and insufficient transportation capacity, and a reliance on manual planning methods.

To address these challenges, we developed and solved an extension of the production routing
problem, namely a two-echelon production routing problem with mixed delivery modes (2E-PRP).
This work was motivated by the lack of studies specifically addressing two-echelon PRP, which are
essential for optimizing complex supply chains. The 2E-PRP is a complex optimization problem
that seeks to minimize the total cost of production, inventory, and transportation in a two-echelon
supply chain. The first echelon comprises the production plants, and the second echelon consists of
the distribution centers. The objective is to determine the production quantities at each facility, the
inventory levels at each distribution center, and the routing of vehicles between the facilities and
distribution centers. The use of two different delivery modes is justified by the fact that companies
split their customers into very important customers with high volumes and low volume customers.
In the latter category, several customers can be delivered using the same vehicle. The former and
most important category of customers is delivered through direct shipment mode. This novel 2E-
PRP is more challenging than the production routing problem, but it responds in a better way to
the practical needs of solving such integrated optimization problems for many companies.
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This paper aims to study a 2E-PRP with multiple delivery modes. Specifically, our study seeks to
(1) Formulate an original and challenging 2E-PRP as a mixed-integer linear program (MILP), (2)
adapt an existing heuristic from the literature as a first approach to solve the problem, (3) develop a
new efficient heuristic that outperforms both the adapted heuristic and a commercial MILP solver,
and (4) propose several managerial insights.

This paper’s structure is as follows. Section 2 offers an overview of the relevant literature on the
subject. Section 3 describes the problem under investigation and the mathematical model used to
address it. Section 4 details the expanded two-iterative phase heuristic and the simulated annealing
with path relinking (SA-PR). Section 5 presents the results of numerical experiments and com-
putational analysis, providing insights for managers and examining the algorithm’s performance.
Conclusions and discussions of future research are presented in Section 6.

2. Literature review

This literature review section groups related studies into four parts: background on the production
routing problem (PRP), single-echelon PRP, two-echelon PRP (2E-PRP), and the most used solu-
tion approaches. This will allow us to position our work, highlight our contributions, and justify
our choices in terms of a solution approach.

The roots of the 2E-PRP can be traced back to the broader domain of PRPs. The seminal work by
Wagner and Whitin (1958) on the lot-sizing problem (LSP) and Dantzig and Ramser (1959) on the
vehicle routing problem (VRP) laid the foundation for understanding and optimizing production
and routing problems. Thousands of articles have been published on the VRP and the LSP. The
VRP was reviewed by Laporte (2009) and Mor and Speranza (2022) among others. The most recent
survey on lot sizing problems is available in the work of Brahimi et al. (2017) with a focus on single-
item models.

2.1. The single-echelon and the two-echelon PRP

Before delving into the specifics of the two-echelon problem, it is essential to review studies ad-
dressing single-echelon PRPs. Noteworthy contributions include Chandra (1993), who focused on
minimizing setup, production, inventory, and transportation costs. Subsequent research by Chan-
dra and Fisher (1994) highlighted the substantial benefits of integrating production and routing
decisions, emphasizing cost savings compared to separate optimization of LSP and VRP compo-
nents. Recently, Hrabec et al. (2022) showed that integration of production planning and routing
decisions in the PRP results in cost savings of 11.1% on average. There has been a rapid increase in
the number of publications on the PRP in the last two decades. The publications present extensions
and different variants of the problem, real applications, or improved solution approaches. Exam-
ple extensions and variants are single-item (e.g., Archetti et al., 2011), multi-item (e.g., Fumero
and Vercellis, 1999), backordering (e.g. Brahimi and Aouam, 2016), and remanufacturing (e.g. Qiu
et al., 2018). Studies on the PRP have been seen in different industries, including fish feed indus-
try (Brekka et al., 2022), meat production (Neves-Moreira et al., 2019), petrochemical industry
(Schenekemberg et al., 2021), and home delivery services (Qiu et al., 2021). Ramos et al. (2022)
introduced an arc flow model to address the multi-trip production, inventory, distribution, and
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routing problem with time windows. Solution approaches will be discussed in more detail later in
this section. For a comprehensive survey of publications on the PRP, see Adulyasak et al. (2015b)
and Hrabec et al. (2022).

A particularly interesting extension of the PRP for our study is PRP with multiple plants. Lei
et al. (2006) presented a comprehensive model for such a problem while considering a heteroge-
neous fleet of vehicles. The plants are further constrained with limited production and storage
capacities. The authors addressed this complex PRP problem by introducing a two-phase decom-
position heuristic to optimize direct shipments and consolidation inefficiencies. The second study
on multiple plant PRP was done by Li et al. (2020). The authors considered the PRP within the
framework of perishable food products. Fix-and-optimize and branch-and-cut algorithms were
used to solve the problem. To the best of our knowledge, no other studies besides Lei et al. (2006)
and Li et al. (2020) have addressed models with multiple plants.

The 2E-PRP was studied by Schenekemberg et al. (2021) and Qiu et al. (2021). These are,
to the best of our knowledge, the only publications on this topic. Schenekemberg et al. (2021)
developed a 2E-PRP model for a vendor-managed inventory system in the petrochemical industry,
integrating pickups, production, inventory, and delivery decisions to minimize costs related to
routing, production, and inventory. Their model involves vehicles transporting raw materials from
suppliers to plants and finished products from plants to customers, with each vehicle performing
at most one pickup and/or one delivery per period and all routes starting and ending at the plant.
Schenekemberg et al. (2021) address both maximum level and order-up-to policies for deliveries.
Qiu et al. (2021) examined the 2E-PRP with cross-docking satellites pertinent to e-commerce and
city logistics. Production plants route products to cross-docking satellites, which then deliver to
customers without storage capabilities. Our study, however, focuses on the two-echelon production
routing problem with multiple delivery modes (2E-PRP-MDM). In our model, customers are
divided into primary and secondary sets. In the first echelon, manufacturing sends a direct ship-
ment to primary customers and warehouses, whereas in the second echelon, the warehouse routes
secondary customers.

2.2. Solution approaches

Solution approaches suggested for the PRP fall into either exact methods or heuristic approaches
that can be classified as decomposition heuristics, mixed-integer programming (MIP) based heuris-
tics, or metaheuristics. Despite the very high complexity of production routing problems, several
authors have proposed to solve them using exact methods. The main purpose of such methods is
to analyze the performance of the other developed heuristics and metaheuristics by the same au-
thors. All known exact methods developed for the PRP are based on a branch-and-cut procedure.
These include the papers by Ruokokoski et al. (2010), Archetti et al. (2011), and Adulyasak et al.
(2014a). These procedures take several hours to discover optimal solutions. For example, the algo-
rithm of Adulyasak et al. (2014a) finds the optimal solution for instances with 35 customers, three
time periods, and three vehicles in two hours.

Decomposition heuristics were proposed by Chandra (1993), Chandra and Fisher (1994), Boudia
et al. (2008), Neves-Moreira et al. (2019), and Chekoubi et al. (2022). The principal idea of these
heuristics is to decompose the problem into production and routing subproblems. The subproblems
are usually solved sequentially before calling a heuristic that enhances the solution. The originality
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of the different heuristics comes from the approach used to improve the resulting solution and the
order in which the subproblems are solved. Mathematical programming-based heuristics were used
to solve the PRP by Absi et al. (2015) and Brahimi and Aouam (2016), among others. The approach
of Brahimi and Aouam (2016) is a relax-and-fix heuristic mixed with a local search procedure. For
Brahimi and Aouam (2016), in each iteration of the relax-and-fix procedure, lot-sizing decisions
are taken before routing decisions. Absi et al. (2015) proposed an iterative mathematical program-
ming heuristic where routing costs are replaced in the formulation of the original PRP model with
fixed costs approximating the cost of visiting a customer by a vehicle in a given time period. At
each iteration, the resulting MIP is solved to optimality, the routing decisions are obtained using a
heuristic, and the approximate visiting costs are updated before starting the iteration. Among the
metaheuristics used to solve the PRP, we can cite the greedy randomized adaptive search procedure
or GRASP (Boudia et al., 2007), the memetic algorithm (Boudia and Prins, 2009), tabu search
(Bard and Nananukul, 2009; Shiguemoto and Armentano, 2010), and the adaptive large neighbor-
hood search heuristic or ALNS (Adulyasak et al., 2014b). Both papers on the 2E-PRP (Schenekem-
berg et al., 2021, Qiu et al., 2021) suggest exact approaches based on the branch-and-cut algorithm
to solve the problem. However, Schenekemberg et al. (2021) also suggest a novel exact algorithm
that uses parallel computing and local search, while Qiu et al. (2021) propose a matheuristic to pro-
vide an initial feasible solution. The main interest in using such exact algorithms is their usefulness
in analyzing the quality of heuristic solutions in addition to the fact that they allow to drawing
of more reliable managerial insight based on optimal solutions. However, it should be noted that
these algorithms might take hours to reach optimality even with relatively small-size instances. This
is not acceptable for practical applications.

A discussion of the different solution approaches and their performance can be found in
Adulyasak et al. (2015b). They have concluded that metaheuristics can be an excellent compromise
between solution quality and CPU time in particular the ALNS proposed by the same authors.
However, the approach proposed by Absi et al. (2015) outperforms the ALNS in terms of solution
quality. SA has been successfully applied to a variety of hard combinatorial optimization problems,
such as the lot sizing problem (Ceschia et al., 2017), but its application to solving production rout-
ing problems is limited. The combined SA-PR has never been applied to the PRP. As a result, we
applied the SA-PR to the two-echelon production routing problem. As the numerical experiments
show, this approach is very efficient for such problems.

In this study, we propose to solve the problem using three different approaches. The first ap-
proach consists of running a commercial solver on the mixed integer linear programming formu-
lation (MILP) presented in Section 3. Second, we present a three-phase heuristic by adapting and
extending the two-phase heuristic proposed by Absi et al. (2015). Finally, the third approach con-
sists of a SA procedure with path relinking (SA-PR). Both heuristics present a good compromise
between CPU time and solution quality. However, the SA-PR procedure outperforms the three-
phase heuristic.

3. Problem description and formulation

We consider a single-item production routing problem. The distribution network is represented with
an undirected graph G = (N, A), where N is the union of four distinct sets: Ny, N, N,,, and N,.
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Fig. 1. Graphical illustration of supply network.

Set Ny represents the nodes corresponding to the manufacturing plants, N, represents the set of
customers served by the plant, N,, denotes the set of warchouses, and N. corresponds to the
set of customers served by the warechouses. The edges in the graph are denoted as 4. The net-
work is illustrated in Fig. 1. The problem involves two echelons. In the first echelon, composed of
nodes Ny U N. U N,,, the manufacturing plant serves the customers in V. and the warehouses in N,,
through direct shipments. An unlimited number of vehicles facilitates this, each with a capacity of
0o, and the transportation cost from the plant to i € N. U N,, is represented as ¢;. In the second
echelon (nodes N,, U N,+), the warehouses take responsibility for serving the customers in N using
a fleet of a limited number of homogeneous vehicles, denoted as K. Each vehicle has a capacity
of Q. As indicated in previous studies (e.g., Adulyasak et al., 2014a), each customer is delivered
once by a given vehicle in a given period. Also, similarly to Qiu et al. (2021), we assume that a
customer can be served by only one warehouse in a given time period. Notice that the warehouse
plays an important role in aggregating demand across locations and times. It is used to benefit from
economies of scale and help reduce setup costs. In some cases, such a warehouse can have lower
per-unit inventory holding costs (due to size and specialization); hence, it can be an alternative to
storing products at the company itself. Also, due to limitations of storage capacity at the plant, the
warehouse should be used to store extra production. The transportation cost from warehouse i to
customer j is represented as ¢;;, where i, j € N,, U N. The planning horizon is limited to |7'| time
periods. The manufacturing plant operates with a capacity of C in each period ¢ € T, incurring a
production cost p and a setup cost . Each node i € N is assigned a unit inventory cost /;, an initial
inventory level I;y, and a maximum inventory level U;. In every period ¢ € T, customeri € N, U N,/
orders d;; units of the product.
The decisions to be taken, for each time period, are to determine

* the levels of production at the manufacturing units,
* the quantities being transported by the vehicles from the manufacturing units to the warehouses
and customers in set N, and from the warehouses to customers in set N,
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* the order in which customers of the second echelon are visited (N.),
» and consequently the levels of inventory at the end of each time period for the manufacturing
units, the warehouses, and the customers.

The objective is to minimize the total production and logistics costs. In this paper, we assume there
is only one single manufacturing plant. An extension of the model to multiple plants is straightfor-
ward. We introduce the following notation:

Sets and parameters:

+ Sets:
T ={1,...,|T|}: set of time periods in the planning horizon.
N ={NyUN.UN,, UN.}: set of nodes (processing unit, customers in the first echelon, ware-
houses, and customers in the second echelon) where Ny = {0}, N. = {1, ..., |N.|}, N, = {IN.| +
L. Nl + INyl}, and No = {INc| + [Nyl + 1, ..o, [Ne| + [Ny| + [Ne |}

A ={A; U A,}: set of arcs, where 4; = {(0,i):ie N.UN,}and 4> ={(i, j):i,j € No,i# jV
ie No,jeN,VvieN,,]je N}
K ={1,...,|K]}: set of homogeneous vehicles at the warehouses.
* Production data:
p: Production cost.
f: Setup cost.
C: Production capacity.
* Inventory data:
h;: Inventory holding cost at node i € N.
U;: Storage capacity at location i € N.
Io;: Initial inventory at location i € N.
d;;: Demand of customer i € {N. U N} in period z.
* Transport data:
¢;: Travel cost from manufacturing plant to warehouses and customer i € N,, U N,.
c;;: Travel cost between (7, j){i, j € N,, U No}.
0Qo: manufacturing plant’s vehicle capacity.
0,,: warehouses vehicle capacity.

Decision variables:

* Production:
x,: Production level at period z.
y:: Binary setup variable equal to 1 if there is a production in period ¢ and 0 otherwise.
* Inventory:
I;;: Inventory level of the product at location i in period ¢.
* Transport:
vi;: Number of vehicles sent to node i € N. U N, in period z.
¢ir: Amount of product shipped to node i € N. U N,, in period ¢
riji:: Amount delivered from warehouse i to customer j € N by vehicle & at period ¢
L,;ji;: amount of load carried by vehicle k of warehouse w when arc (i, j) € 4, is traversed in
period ¢.
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H;ji;: binary variable, equal to 1 if vehicle k serves customer j € N from warehouse i in period
t, 0 otherwise.
Y,iji:: binary variable, equal to 1 if arc (7, j) € A2is traversed in period ¢ by vehicle k of warehouse
w, 0 otherwise.

The proposed MILP formulation is presented below.

[2E — PRP —MDM]min ) "px; + > [+ Y hli+ Y Y e

teT teT ieN teT teT ieN.,UN,,

+ Z ZZZCUYWW"’ (1)

(i,j)eA> weN,, keK teT

Subject to:
=D+ x— Y qi VieT, (2)
ieN.UN,,
Iy =11+ qi — di Vie N, Vt e T, (3)
Li=1i,—1 +qi — Z Zrijkt Vie Ny, Vit e T, 4)
JeNy keK
Ijt:lf,t—l+zzrijkl_dft VjGNC/, VieT, (5)
ieN,, keK
I, < U Vie NVt e T, (6)
x; < y; x min{C, Z Z div} VteT, (7)
t'eT ieN., Ny
qir = QO X Vit Vi e Nc UNw’ vt € T, (8)
Z Fijke < QiHji Vie N, Vte T, Vk € K, ©)
JEN
Fijie < Hyjig x min { > " d;, Uy +dj,i, O Vie Ny, ¥je No, Vt €T, Vk € K (10)
t'eT
Y Y Hyu<l VjeNes Viel, (11)
ieN,, keK
Lyijie < QiYijie Yw e N, Vi, je€ N,UN,,Vk € K,
Vt e T, (12)

Z Liijkr = Z Tijkt VieN,, Vke K, Vt e T, (13)
JENy JENy

Z Lwijkr - Z ijikr = Fyjkt Yw e ]VWv V] € NC/v Vk e K, vVieT, (14)
ieN,,UN ieN,UN.
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Y Y+ D Yeuww=2Hu, YweN, VkeK VieT, (15)
JEN,,UN, JEN,UN,,
> Yuw=Hu VweN, YieN,UN, VkeK,  Viel, (16)
JENLWUN,/ i ]
3 Y Y =Y ruu/Qu  YweN, VkeK, VieT, (17)
ieN,UN_ jeN. JENy
x>0 VteT, (18)
I, >0 VieN,VteT, (19)
Git, Vie > 0 Vie NNUN.UN,, VteT, (20)
Fwite 20 VYweN,, Vie No,Vke K, Vt e T, (21)
Lyijie =0 Yw e N, Vi, je N,UN,., Vk € K, teT, (22)
y, €{0,1} VteT, (23)
H,ji €{0,1}  VweN,, VjeNs, VkeK, VteT, (24)
Yyijre € {0, 1} YweN,, Vi,jeN,UN., Vk € K, VieT. (25)

The objective function (1) minimizes the total costs composed of production and setup costs,
inventory costs at the manufacturing plant, warehouses, and customers; direct shipment costs for
the first echelon; and delivery transportation costs for the second echelon. Constraints (2), (3), (4),
and (5) are inventory balance equations at the manufacturing plant, first-level customers, ware-
houses, and second-level customers, respectively. Constraints (6) ensure that the inventory capacity
is respected. Constraint (7) serves two purposes: first, it guarantees that production quantity does
not exceed production capacity; second, it links the continuous production variables x; to the bi-
nary setup variables y,, indicating that a setup is incurred only if there is a positive production
level in period ¢. Constraints (8) and (9) ensure that the total amount delivered by each vehicle to
first-level customers and second-level customers, respectively, does not exceed the corresponding
vehicle capacity. Constraints (10) establish a link between the amount delivered and the customer
visit. Constraints (11) enforce the requirement that each customer must be served by a maximum
of one warehouse and one vehicle. According to constraints (12), the load must not exceed the ca-
pacity of each vehicle in the second echelon network. Constraints (13) and (14) determine vehicle
load by calculating the delivered quantities. Constraints (15), and (16) ensure that a vehicle visits
a customer and then leaves after serving them. Constraints (17) impose vehicle capacity require-
ments and ensure that the vehicle trip arcs selected form a connected graph proposed by Chandra
and Fisher (1994). Constraints (13)—(17) are multi-stop adaptations of single-stop routing problem
constraints. Finally, constraints (18)—(25) are integrality and non-negativity constraints.

3.1. Numerical example

This section presents an illustrative example of the problem. We assume that a manufacturer has
one primary customer and one warehouse. The warechouse can serve two customers within three
time periods. The production cost is 30; the setup cost is 3000; and the inventory holding cost is 3
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Table 1
Production quantity and setup times

tl 2 t3
Production 90 0 0
Setup 1 0 0
Table 2
Inventory quantity

tl t2 t3
Manufacturer 0 0 0
Warehouse 13 13 0
Primary customer 20 10 0
Customer 1 14 7 0
Customer 2 13 0 0
Table 3
Delivery quantity of the first level
tl t2 t3

Warehouse 60 0 0
Primary customer 30 0 0
Table 4
Delivery quantity of the second level

tl 2 t3
Customer 1 21 0 0
Customer 2 26 0 13

for the manufacturer and warehouse. For the primary customer, the holding cost is 6, and for the
other two customers, it is 7 and 8, respectively. We assume an initial stock of zero for all nodes.
The primary customer demands 10 units for all periods, whereas the other customers require 7 and
13 units. The manufacturer has a production capacity of 100 units per period and an inventory
capacity of 50 units. The warehouse has an inventory capacity of 40 units, and each customer has
20 units. The manufacturer can provide retailers with vehicles that have a capacity of 30 units. The
warehouse has one vehicle with a 50-unit capacity.

The transportation cost from the manufacturer to the warehouse is 450, and the cost to the
primary customer is 162. The transportation costs between the warehouse and the customers (1
and 2) are 385 and 154, respectively, whereas the cost between the two customers is 267.

The optimal solution is 8385, and the detailed solution is presented in Tables 1-4. The man-
ufacturer produces 90 units in the first period, minimizing setup costs. To reduce transportation
costs, the manufacturer meets the primary customer’s current and future demands by delivering a
quantity of 30 units, which results in an inventory of 20 units in the first period and 10 units in the
second period, covering the demand for the third period. Additionally, the manufacturer supplies
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the warehouse with 60 units from its stock, meeting the demands of Customer 1 in the first period
and Customer 2 in both the first and third periods.

4. Solution approach

The 2F-PRP has been proven to be NP-hard, combining two challenging and NP-hard problems:
capacitated lot sizing and vehicle routing. As a result, developing exact methods for real-world
applications is impractical and not interesting for companies. The latter need solutions to their
optimization problems, both for short-term decisions requiring quick responses and long-term de-
cisions exploring numerous scenarios. This section presents an extended version of the two-phase
iterative heuristic for classic PRP presented by Absi et al. (2015) followed by our proposed SA
heuristic with PR procedure. The effectiveness of both approaches is evaluated by comparing their
solutions to those obtained using a commercial solver on the MILP formulation 2E-PRP-MDM.

4.1. Three-phase iterative heuristic approach

As indicated in the review by Adulyasak et al. (2015b), the two-phase iterative algorithm of Absi
et al. (2015) stands out as one of the most efficient methods for solving the PRP. This justifies our
choice to initially suggest an extension of this algorithm to solve the 2E-PRP-MDM problem. This
extension results in the 3PI heuristic presented in this section. The major phases of the heuristic are
presented as follows:

» Phase I: Echelons coordination phase. This phase incorporates approximate routing costs (SC,,;;)
to determine visit schedules for second-level retailers and delivery quantities r,,;; while accounting
for production capacity, vehicle capacity, and maximum inventory constraints.

» Phase Ila: Lot sizing with direct shipment phase. This phase establishes production quantities,
visit schedules for warehouses and first-level retailers, delivery quantities, and the required num-
ber of vehicles. It takes into consideration production capacity, vehicle capacity constraints, and
maximum inventory constraints.

* Phase IIb: Routing phase. This phase is designed to optimize routes based on the outcomes of
Phase I by solving the vehicle routing problem.

After completing the three phases for a specific number of iterations i, a diversification mecha-
nism is applied, and this cycle is repeated until the specified iteration limit j,,, is satisfied. Figure 2
is a flowchart illustrating the general structure of the heuristic.

Further information about the phases and the diversification mechanism are provided in the
following subsections.

4.1.1. Phase I: Echelons coordination phase

This phase optimizes the distribution of goods from the supplier to warehouses and also determines
when and how to distribute them to the second-level retailers. The cost of visiting second-level cus-
tomer i by warehouse w in period ¢ is represented by SC,;,. The objective is to minimize inventory
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Fig. 2. Flowchart of the proposed 3PI heuristic approach.

costs of warehouses and second-level customers, transportation costs to deliver each warehouse
from the manufacturing plant, as well as costs related to inserting second-level customers into ve-
hicle routes.

The first phase model (PhI-MILP) is

[Pl —MILP] min Y > hli+) Y cvu+ ) D > SCuHyu (26)

ieN,UN, teT teT ieN,, weN,, ieNy teT

Subject to Constraints (4) — (6), and

qir < Qo X v VieN,, VteT, (27)
Y rjp<hix|KIxQ  VieN, VteT, VkeKk, (28)
JEN

Fije < Hij xmin 3> " dp, Uy + djy. O Vie N,, Vje N, Vi e T, (29)

teT
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Y Hy<l VjeNs,VieT, (30)
ieN,,
Dodnt ) su<C Vel (31)
ieN,, ieN,
I, >0 Vie NyUNy, teT, (32)
Git, Vie = 0 VieN,, teT, (33)
rijp =0 Vie N,, Vje N+, teT, (34)
Hij; €{0,1} VieN, VjeN., VieT. (35)

Constraints (28) indicate that the delivery quantities fulfill the total capacity of the vehicles
available at each time point. These constraints use a factor A; which is a scaling parameter
that starts at 1 and gets adjusted later based on specific rules that will be clarified at the end
of this section. Constraints (29) and (30) play the same role as constraints (10) and (11) in the
2E-PRP-MDM with removing vehicle index & from the r and H variables. In constraints (31),
8;; = max(0, d; — max(0, I,y — Zi;ll dy)), Vi € N,, at the beginning. Then §;, will be updated based
on the delivery quantity in the first echelon. Production capacity is ensured by these constraints.

4.1.2. Phase Ila: Lot sizing with direct shipment
This phase is responsible for determining the production quantities, visit schedules for warehouses
and first-level retailers, delivery quantities, and the required number of vehicles. It takes into ac-
count the production, maximum inventory, and vehicle capacity constraints. The goal of this phase
is to ensure that the production process is optimized and that the products are delivered to the cus-
tomers in a timely and efficient manner. By considering the production capacity, vehicle capacity
constraints, and maximum inventory constraints.

The objective of this phase is to minimize production, inventory costs, and transportation costs.
The second phase model (Phlla-MILP) is as follows:

[Phila — MILP] min » px 4+ > fy+ Y. > hli+Y_ > cwy (36)

teT teT ieNgUN.UN,, teT teT ieN.,UN,,
Subject to Constraints (2), (3), (6), (8), (18) — (20), (23), and

X <ymin{C Y Y diy vieT. (37)

t'eT ieN.,N,,

In constraints (37), the total amount of goods delivered from a warehouse to its served customers
is considered as its demand, d;; = ) ,_y, Tiji, Vi € N,,.

4.1.3. Phase IIb: Routing phase

The decision variables from Phase I, r;;; and H;j,, are used in Phase IIb to solve a vehicle rout-
ing problem (VRP) and a traveling salesman problem (TSP) in the case of K > 2 at each period.
A heuristic approach is used to solve the VRP and TSP in order to reduce computing time. We
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Table 5
Visiting Cost SC,;;

tl 2 t3
Cl 10 10 10
C2 30 30 30
C3 5 5 5
C4 15 15 15
Table 6
Visiting periods H,;

tl 2 t3
C1 0 1 1
C2 1 1 0
C3 0 1 0
C4 1 1 0

have used the LKH-3 implementation from Helsgaun (2017). For each warehouse i € ,,, when
the LKH-3 heuristic fails to find a feasible solution for a period ¢, the value of A;; is decreased:
Air = Ay — 1, wWhere 5 is a constant. Conversely, when LKH-3 finds a feasible solution, the value
of A; 1s incremented unless it already equals 1, A;;, = min(A;; + n, 1). The diversification involves
setting all A;; values back to their initial state of 1.

4.1.4. Update of visiting cost

Visiting costs are used to create a connection between Phase I and Phase IIb of the approach. They
are initially set based on the transportation costs and dynamically updated based on Phase IIb
solutions to improve retailer clustering in subsequent iterations.

First, we define some parameters. Let S,,; be the set of all retailers that are served during time
period ¢ by warehouse w. Let i~ be the predecessor of vertex i and i its successor. For k € K,
teT,and i ¢ S,,, let Ay, be the cheapest insertion cost for inserting i in the route of vehicle k.
For each warehouse w € N,,, t € T and k € K when i € S,,;, SC,,;y = ¢;-; + ¢i+ — ¢i-i+. Conversely,
when i ¢ S,,, SC,;; = mingcx Ak

4.1.5. Diversification mechanism
The diversification mechanism employs the best-known solution to modify “visiting costs,” guiding
the heuristic search toward unexplored regions of the solution space. It achieves this by multiplying
the visiting cost SC,,;; of each retailer in period ¢ by the number of retailers served in that period
plus one, leveraging information from the current best solution. The diversification mechanism
encourages retailers to shift from high to low numbers of visits. The following example explains
the mechanism.

We have one warehouse, four retailers, and a planning horizon of three time periods. The visiting
cost SC,,;; and the visiting time H,,;; are shown in Tables 5 and 6.
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Table 7
New Visiting Cost SC,,;

tl t2 t3
Cl 21 41 11
C2 61 121 31
C3 11 21 6
C4 31 61 16
Table 8
Solution 1

tl t2 t3
Cl 1 0 1
C2 1 1 1
C3 0 1 1
C4 1 1 1
Table 9
Solution 2

tl t2 t3
Cl 1 0 1
C2 1 0 0
C3 1 0 0
C4 1 0 0

From Table 6 and the values of H,,;,, we conclude the number of retailers visited in each period:
2, 4, 1. We multiply the latter values by the visiting cost plus 1. The updated SC,;, is shown in
Table 7. The new SC,,;; can help explore the search space by shifting some retailers from periods
with high visiting times to lower ones. Tables 8 and 9 present two examples of solutions. Solution
1 recommends visiting the first retailer in the first period because of the lower costs. Solution 2
suggests moving all retailer visits from the second period to the first period because of the lower
costs in the first period for all retailers.

4.2. SA-PR procedure

The SA-PR algorithm is a heuristic composed of three steps.' Step I involves generating the initial
solution. In Step II, SA is used to refine the initial solution. Then, the y best solutions from this
process are chosen for further improvement. Finally, Step III is dedicated to enhancing the chosen
solution through the application of the PR technique.

"We deliberately avoided the use of the word Phase to avoid confusion with the phases of the 3PI heuristic.
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4.2.1. Step I: Initial solution
This step consists of the first iteration in the 3PI heuristic described in Section 4.1. Hence it corre-
sponds to running Phase I, Phase IIa, and Phase IIb only once.

This resulted in the construction of an initial solution.

4.2.2. Step II: Simulated annealing

The initial solution obtained in Step I is improved using the SA meta-heuristic. The SA algorithm
was introduced by Kirkpatrick (1984). It is inspired by the metallurgical process of annealing, in
which a material is gradually cooled to create a low-energy condition. The SA algorithm is known
for its simplicity and its effectiveness in addressing various optimization problems in logistics and
production systems (Koulamas et al., 1994; Ozsen et al., 2020), inventory routing problems (Alvarez
et al., 2018), routing problems (Ceschia et al., 2026; Glindiiz Mengiibas et al., 2025), and in the TSP
(Zhou et al., 2022). (See Delahaye et al., 2019, for a recent review of advances and applications of
SA.)

One major difference between SA and other metaheuristics is the fact that, at each iteration, it
generates only one neighbor for the current solution. If the newly created solution is better than
the current one, it takes its position. If not, there is a chance it will be agreed. Our SA algorithm
consists of three phases. In the first phase, new distribution plans are generated for both echelons.
The second phase is dedicated to establishing the production schedule, and the third phase focuses
on determining the routing for vehicles. More details are given below.

1. Delivery neighboring generation: We obtain from the initial solution g;; and r;;;. These data are
used for generating neighbors by transferring the delivery quantity s , from company to node
i € N.UN, from period ¢ to period #’. We start with the first echelon which contains the com-
pany, first-level customers, and warehouses:
Select randomly a set of nodes E (first-level customers and warehouses), two periods ¢ and ¢':
forie E:ift' < t:

Sit, 1 = min{%’z , | xC— Z Z qit amint”{l]i — iy, IO,Z‘”}}’ (38)
ieN,UN,, t"et’
and if /' >
Sit,r = min{‘[it ,mint”{Ii.t”}}- (39)

For the second echelon, we make the transfer for r;;, as follows:

Randomly select a group of second-level customers (E) alongside two warehouses (w; and wy)
and two periods (¢ and ¢’). These selections define potential neighbor structure by transferring
delivery quantities (s, w,.,.») for each customer (i € E), moving them from warehouse w; in
period ¢ to warehouse w; in period ¢':
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forie E:ift' < t:

Siwy,wa 1,1 =mln{rw|.it 5 rx C - 61_/',;” 5 sz x K — rwz,j,l’ 5

JeENUN,, t"et’ JEN.
min, Uy — i, B} . (40)
and if ¢’ > ¢
Siowy,wa b = min{rwl,it s sz x K — Z Iy, jit! ’minl”{Ii,l”}}' (41)
jENL,/

Since split delivery is not allowed, the transfer from period 7 to ¢ when w; # wy and s; ;s 1.0 <
it Will be 0. After each transfer, we have to update the delivery quantity from the company to
each warehouse w; and w,. The neighborhood procedure described in this paper draws inspira-
tion from the research conducted by Armentano et al. (2011). We recommend that readers refer
to that paper for more details.

. Lot sizing model: In this phase, we must adapt the production planning to the new delivery
planning g;, for the first echelon received from Phase I. The production planning problem cor-
responds to a lot-sizing problem, which is addressed using a standard MILP solver. The LSP
model is as follows:

[LSP—M] min Y px,+ Y fyi+ Y holy, (42)
teT teT teT
subject to (2), (6), (7), (18), (23), and (43)
xtf)’rz Z qiv VieT. (44)
t'eT ieN.,N,,

. Routing model: In this phase, we define the routes of vehicles using the new delivery plans ¢
and r;;;. For the first echelon, we use ¢;; to define the number of vehicles needed (v;) to serve
each customer and warehouse, and then calculate the transportation cost Y, . > oy oy, Civir-
To compute the routing cost ;e 4, 2 ey, 2okek 2rer Cij Yuijir in the second echelon, we use
rij and the LKH-3 implementation of Helsgaun (2017) to solve the VRP and TSP for each
period.

4.2.3. Step I1I: Path relinking

PR is a technique that explores neighboring solutions along a hypothetical path in the search space,
connecting two solutions. Glover (1997) introduced PR, a method combining both intensification
and diversification aspects within tabu search and scatter search algorithms. It has been successfully
used by Ho and Gendreau (2006) and Peng et al. (2015) in tabu search and by Maximo and Nasci-
mento (2021) in adaptive iterated local search to solve vehicle routing and operations scheduling
problems. It has been combined with GRASP by Interian and Ribeiro (2017) and Cuellar-Usaquén
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Fig. 3. Mixed path relinking.

et al. (2023) to solve the TSP. In the domain of combinatorial optimization, PR facilitates the ex-
ploration of trajectories connecting elite solutions, which represent high-quality outcomes. This
exploration utilizes the search space graph, denoted as G = (F, M), where nodes correspond to the
set F of feasible solutions. Typically, PR operates between two solutions within F. One serves as the
initial solution, So/;, while the other acts as the guiding (target) solution, Sol,. Through PR, one or
more paths connecting these solutions within the search space graph can be investigated to locate
superior solutions. Notably, local search is often applied to the best solution encountered on each
explored path, as it might not represent the optimal solution within its immediate neighborhood.
PR has various implementation strategies. These consist of not only forward PR but also backward
and mixed PR.

We have used mixed PR which is applied between two feasible solutions, So/; and Sol,, to explore
the connecting path bidirectionally. In each iteration, the search alternates between the original
initial solution So/; and the guiding solution Sol;. This creates the impression of traversing two
subpaths, one from Sol/; to Sol, and the other from Sol, to Sol,. The subpaths converge at a feasible
solution midway, establishing a single path that connects So/; and Sol,. Figure 3 depicts the process
of applying mixed PR to two solutions, Sol/; and Sol,.

We have defined the set E of elite solutions, containing the y best solutions identified throughout
the SA search. The solutions in £ must have a minimum distance between them in order to maintain
a degree of diversity. The distance between two solutions is defined as the number of periods in
which the amounts delivered to customers differ. New solutions are added to E if they have a
smaller cost than the worst solution in E, or if they have a smaller cost than the best solution in E
and increase the distance between solutions in E. In either case, the worst solution in E is replaced.
We have selected the initial solution So/; as the SA solution, while the guide solution Sol, is an
FE solution with the maximum distance Dggﬁ from Sol;. This ensures that the solutions in E are
diverse and that the PR process does not get stuck in a local optimum.

The PR algorithm for the first echelon is inspired by Armentano et al. (2011) and presented in
Algorithm 1. It starts with two solutions, So/; and Sol,. The algorithm starts with two solutions,
Soly and Sol, (line 1), and iteratively transfers quantities from one solution to another, comparing
the delivery quantities qi”l' #* q§0’2 for each warehouse and first-level customer and period in the
two solutions(lines 3-5). For each period ¢’ # ¢, the algorithm makes the transfer from period ¢
to period ¢’ in solution Sol;, with respect to production and inventory capacities (lines 6-11). The
algorithm then calculates the new solution’s total cost (line 12). The best solution is saved as Sols
(line 16). If the distance between Sol, and So/; is not increased, then the algorithm sets So/; to Sol,
and Sol, to Sol; (lines 17-19). This process is repeated until So/; and Sol, are the same.
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Algorithm 1. Path Relinking

1: Input: Sol;, Sob, D*ZZQ

2: while Sol, # Sohdo

3 forie NNUN,,t €T do

4 if ¢>" £ ¢>°" then

5 0, = qi"l‘ — ,.3;0/3

6 for ¢’ #t do

7 if ¢/ < ¢ then

&: Sipy = min{|@y| , (' x C — Z,‘e;\/[u/\,\‘. Zr”et’ q:q;}/[/l ), ming Uy — 1 pr, Iy}
9: else

10: Sy = min{|@; | , ming {I; »}}

11: end if

12: Determine the total cost after transferring s;;
13: end for

14: end if

15:  end for

16:  Sol; is the best solution found after the transfer s;,

. . Soly Sol
17: if DSU,3 < DSO[2 then

18: SOZI = SOZQ
19: Sol, = Sols
20:  endif

21: end while

The PR of the second echelon is the same as Algorithm 1 with some changes.

It starts with two solutions, Sol; and Sol, (line 1), and iteratively transfers quantities from
one solution to another, comparing the delivery quantities ri’i’fl + ri?,lz from each warehouse
w e N, for each second-level customer i € N. and period ¢t € T in the two solutions(lines 3
and 4) the equation in line 5 is ©,,; = ri‘lf[/‘ — ri;’[h. For each period ¢’ # t, the algorithm shifts
from period ¢ to period ¢’ and from warechouse w to warechouse w' in solution So/;, with re-
spect to production and inventory capacities (lines 6-11). In line 8, s; ;. = Min{|®,;| , (¢ X
C - Z_jeN(.UNW Zz”ez’ Qj,l”)’ (Qw’ x K — Z_jeN(,/ Vw’,j,r’)» mint”{Ui - Ii,t”, Iw’,r”}}- In line 10, Sioww' 1 =
minf{|© ;| , (Qw x K —=>_ e, T, ), ming{I; +}}. Finally, determine the total cost of the new so-
lution (line 12). The best solution is saved as Sol; (line 16). If the distance between Sol, and Sol; is
not increased, the algorithm sets So/; to Sol, and Sol, to Sols (lines 17-19). This process is repeated

until So/; and Sol, are the same.

4.2.4. Pseudo-code of SA with path relinking

In this context, we outline the integration of SA-PR within our implementation. The resulting
procedure is described in Algorithm 2. The algorithm begins by initializing an empty set, £, which
will be used to store solutions. An initial solution, So/, is constructed as described in Section 4.2.1.
The algorithm then executes SA-PR for a limited number of iterations. The SA procedure described
in lines 6 to 24 is as follows. The algorithm enters a loop that repeats until the temperature ©
drops below the final temperature 7. The current solution denoted as Sol is altered to create a
new neighboring solution represented by So/’ as described in Section 4.2.2. The cost difference
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Algorithm 2. Simulated Annealing with Path Relinking

I: setwo, Tp,

2. E=g

3: Let Sol be the initial solution.

4. Set Soly, = Sol

5: while a stopping criterion is not met do
6: T=1

7: while t > 7, do

8: Generate Neighbor solution Sol’ for Sol as follows: use Phase I, Phase 11, and then Phase III
9: A = cost(Sol") — Cost(Sol)

10: if A < 0 then

11: Sol = Sol’

12: else

13: a = Uniform[0, 1]

14: o = =2/

15: if < o then

16: Sol = Sol’

17: end if

18: end if

19: if Sol is not in E and respects conditions it enters E, E = EU S
20: if cost(Sol) < cost(Solj. ) then
21: Solpess = Sol

22: end if

23: T=TX/U

24:  end while

25:  Sol, = Solyy

26:  Set Sol, as the solution with maximum distance D from Sol,,; in E
27:  Sol = Path Relinking(Sol,, Sol,, Dzzg) of the first echelon

28:  if cost(Sol) < cost(Solp. ) then

29: Solys: = Sol

30:  endif

31:  Sol = Path Relinking Sol, Sol,, D§j§§2 of the second echelon

32:  ifcost(Sol) < cost(Soly.) then

33: Solpes; = S

34:  endif

35: end while

between the new solution Sol” and the current solution So/ is calculated as A. If the cost difference
A is negative, the new solution Sol’ is accepted as the current and will replace Sol. Otherwise,
the new solution Sol’ may still be accepted with a certain probability «. The solution So/ enters
the set E if it does not already exist in £ and meets the conditions presented in Section 4.2.3.
If the cost of the current solution Sol/ is lower than that of the best solution, then So/ becomes
the new best solution. Subsequently, the temperature 7 is reduced by a factor of u. After the SA
algorithm is complete, the set E is filled with solutions. We select the initial solution So/; as the
best solution found in SA, and the guiding solution Sol, as the solution farthest from So/;. Lines
27-33 execute PR for both echelons. SA will continue with the solution found by PR as the current
solution.
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5. Numerical experiments

This section has two main objectives. First, we will assess the computational performance of the
proposed heuristics: The 3PI heuristic and the SA-PR heuristic. Second, we will discuss our re-
sults from a managerial perspective. The MILP formulation 2E-PRP-MDM was implemented and
solved on CPLEX 12.8 using its default configuration. The 3PI and SA-PR heuristics were imple-
mented in Python 3.8 on Jupyter Notebook.

All experiments were carried out on a 64-bit Windows 11 with Intel(R) Xeon(R) CPU E5-2673
v4 @ 2.30 GHz and 14 GB RAM. The 3PI heuristic employs a diversification mechanism every five
iterations of the three phases. The heuristic is terminated after a total of 100 iterations. The first
and second phases have a 100-second time limit each. The SA-PR parameters o, 7, and u were
set to 140, 1, and 0.9, respectively. This setting was inspired by Shaabani and Kamalabadi (2016).
We have configured the SA-PR heuristic to complete three iterations. We have noticed that more
iterations do not significantly improve the solution while the CPU increases considerably. The lot
sizing decisions (model LSP-M) are limited to 100 seconds of CPU time.

5.1. Generated datasets

Our problem instances were created by modifying benchmarks from Archetti et al. (2011) and using
data settings from Adulyasak et al. (2014a). Archetti et al. (2011) presented these instances and are
accessible on their website (http://orbrescia.unibs.it/instances). The cited paper introduces four
variations of PRP instances. The first is the base case, the second increases production costs, the
third increases transportation costs, and the fourth removes holding costs for retailers altogether.
Each class has 19, 50, and 100 retailers. This algorithm is designed for a specific type of PRP
problem, where the product demand is constant and the manufacturing plant has unlimited ca-
pacity. We generated our dataset using instances that have 50 customers. We used (i, j) customers
for the first and second echelons equal to (2,3), (4,6), (6,12), and (10,22) for each set of ware-
house W = {1, 2, 3}, and time horizons with |7'| = 3 and 6. The number of vehicles is designated
as |[K| = 1 or 2 for instances where j < 12, and |K| = 2 or 3 where j > 22. We have assumed that a
given customer’s demand for a given period does not exceed the vehicle’s capacity. This assumption
ensures that each customer is served by a single warehouse and a single vehicle as in the MIPL
model. Several similar studies have made this assumption; see, for example, Senoussi et al. (2016)
and Absi et al. (2018). Allowing split deliveries would require modifications to the model, signifi-
cantly increasing its complexity.

As the base case, we chose instances from the first class, while instances from the second class
were selected as cases where production costs are high called the high production case. Likewise,
instances from the third class were chosen when transportation costs were high called the high
transportation case. Additionally, for instances involving low inventory holding costs, we opted for
instances from the first class when inventory costs are lower than the base case, which we called the
low inventory case. As a result, we obtain 4 x 3 x 2 x 2 x 4 = 192 instances to test the algorithm’s
performance. All used instances and detailed results of these simulations are available upon request
from the authors.
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5.2. Performance analysis

In the first experiment, we assessed the performance of our heuristics compared to the optimal solu-
tion (when available) or the best upper bound identified by CPLEX after a 3600-second time limit.
To analyze the results effectively, we categorized the instances into three groups based on their total
number of customers Ny = N, + N, where small-size instances include all cases with 6 and 11 cus-
tomers, medium-size instances with 19 customers, and large-size instances with 33 customers. In the
summary tables, we organize the instances into groups based on various factors: the specific cases,
the number of warehouses (N,,), and the planning horizon (7). Each table is divided into three
sections: 3PI heuristic, SA-PR, and CPLEX CPU time. Both heuristic sections contain two main
columns. The first column corresponds to CPU times, where CPU? represents the CPU time of the
3PI heuristic, and CPU" represents the CPU time of the SA-PR. Additionally, the columns labeled
GAP? and GAP’ calculate the average percentage gap for each heuristic. This gap is computed as
follows:

SOZ3 _ UBCPLEX

3 _
GAP® = 100 x ~—— e (45)

Sol* — UBCPLEX

GAP* =100 x “—— . (46)

where Sol® and Sol® represent the solution produced by the 3PI and SA-PR, respectively, and
U BCPLEX represents the upper bound value. The final section provides information about the com-
putational time taken by CPLEX. Note that the values indicated in bold in Tables 10-12 indicate
the heuristic that achieves the lowest gap.

Small instance analyses are summarized in Table 10. Notably, the SA-PR consistently produces
high-quality solutions, closely approaching the solution value obtained by CPLEX. On average, the
gap between SA-PR solutions and CPLEX solutions is only 0.87%, outperforming the 3PI heuristic
in 87% of cases. The average gap values (GAP*) vary from 0.08% to 3.14% for SA-PR. On the other
hand, 3PI can find solutions close to the solution of CPLEX with a gap of only 0.1% (specifically
observed in cases involving high production, two warehouses, and six periods). When considering
computational time, the 3PI algorithm generally completes computations quicker than the SA-PR
algorithm. However, both methods require more time compared to the CPLEX solver.

In the context of medium-sized problems, both proposed heuristics demonstrate exceptional per-
formance, as shown in Table 11. These heuristics consistently yield high-quality solutions, with av-
erage gaps of only 2.64% for SA-PR and 3.75% for the 3PI heuristic when compared to the solution
obtained from CPLEX. Additionally, in terms of computational time, SA-PR and 3PI outperform
CPLEX significantly. On average, SA-PR completes its computations in 61.48 seconds—10 times
faster than CPLEX. Remarkably, 3PI is even quicker, averaging 31.31 seconds, which is 20 times
faster than CPLEX. The strong results highlight the heuristics’ talent for rapid discovery of quality
solutions, even under varied problem configurations.

Table 12 presents the results obtained for large-sized instances. In Table 12, we observe that both
heuristics yield high-quality solutions, with an average gap of 2.38% and 2.66% compared to the
solution obtained by CPLEX for the 3PI heuristic and SA-PR, respectively. Notably, both heuristics
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Table 10
Performance of the proposed heuristics against CPLEX for small-size instances
3PI SA-PR
Cases N, T CPU? GAP? CPU* GAP® CPUCPLEX
Base case 1 3 6.00 2.88 15.25 1.55 0.31
6 11.00 0.84 20.00 0.89 1.01
2 3 9.25 3.51 16.00 1.95 1.36
6 16.25 0.75 20.75 0.74 8.39
3 3 9.75 2.62 18.00 1.63 591
6 19.50 1.53 22.00 1.20 10.25
High production cost 1 3 6.00 0.40 15.25 0.20 0.49
6 12.00 0.12 20.75 0.12 1.82
2 3 8.25 0.49 23.75 0.23 2.09
6 17.00 0.10 20.50 0.08 5.72
3 3 10.00 0.36 18.50 0.23 3.85
6 20.00 0.21 21.00 0.21 10.43
High transportation cost 1 3 5.75 4.33 13.50 1.51 0.41
6 16.00 3.07 43.75 1.21 3.83
2 3 7.50 9.85 11.50 1.13 1.04
6 15.00 4.12 38.50 1.43 38.30
3 3 8.50 4.24 12.00 3.14 2.77
6 19.50 5.14 17.00 0.93 37.23
Low inventory cost 1 3 6.50 1.37 14.75 0.19 0.35
6 11.75 0.31 22.50 0.60 2.22
2 3 9.25 1.64 18.50 0.19 1.04
6 17.25 1.25 32.00 0.49 5.80
3 3 9.00 2.52 12.25 0.45 2.50
6 18.50 1.26 21.25 0.64 11.74
Average 12.06 2.20 20.39 0.87 6.62

achieve a minimum gap of 0.06% (in the case of high production costs with three warehouses and
three periods).

Regarding CPU time, the SA-PR and 3PI heuristics significantly outperform CPLEX. On av-
erage, the heuristics require only 206.29 and 212.33 seconds, respectively—16 times less than the
CPU time used by CPLEX for SA-PR and 3PI. This impressive performance demonstrates that the
heuristics swiftly identify high-quality solutions, regardless of the instance settings.

5.3. Computational performance of heuristics on medium- and large-sized instances

To ensure a fair comparison of performance between CPLEX and the two heuristics (SA-PR and
3PI heuristic), the CPLEX time limit has been adjusted for medium- and large-sized instances. This
adjustment involves using the average and maximum CPU times recorded by the heuristics when
solving instances in those size categories. Tables 13 and 14 present the findings from this analysis.
The table is split into two sections based on CPLEX’s time limits: one for 45 seconds and the other
for 75 seconds for medium-sized instances and 200 and 450 seconds for large-sized instances. Each
section contains two columns: GAP3 and GAP* for 3PI heuristic and SA-PR. These values are
calculated using Equations (45) and (46).
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Table 11
Performance of the proposed heuristics against CPLEX for medium-size instances
3PI SA-PR
Cases N, T CPU? GAP? CPU* GAP* CPUCPLEY
Base case 1 3 14.50 2.13 47.50 1.22 7.21
6 25.50 0.82 52.00 1.26 107.4
2 3 18.50 2.92 126.50 2.40 46.11
6 32.50 1.41 50.00 1.17 1839.10
3 3 22.00 2.93 43.00 3.01 170.98
6 44.50 3.18 46.50 3.83 1936.55
High production cost 1 3 14.00 0.31 53.00 0.14 6.13
6 25.50 0.13 64.50 0.14 312.97
2 3 18.50 0.43 42.00 0.41 44.94
6 36.00 0.22 51.00 0.20 1847.73
3 3 21.00 0.38 53.00 0.37 231.42
6 47.00 0.45 42.50 0.56 2121.13
High transportation cost 1 3 11.00 9.77 52.00 1.99 8.89
6 50.50 7.85 32.00 6.71 318.41
2 3 15.00 8.29 29.00 9.06 27.63
6 49.50 4.73 29.00 5.64 1840.50
3 3 19.50 11.41 27.00 3.14 24491
6 75.00 11.47 29.00 6.92 1979.00
Low inventory cost 1 3 13.50 2.56 129.00 1.08 7.19
6 46.00 1.39 210.50 1.72 145.71
2 3 60.50 2.86 87.00 2.76 1388.73
6 18.50 4.48 61.00 1.29 37.98
3 3 20.50 5.20 71.50 3.56 164.95
6 52.50 4.67 47.00 4.67 1848.95
Average 31.31 3.75 61.48 2.64 695.19

In Table 13, both heuristics exhibit commendable performance. For the 75-second time limit,
the average gap is 0.27% for the 3PI heuristic and —0.5% for SA-PR. Similarly, for the 45-second
time limit, the gaps are —0.14% and —0.9%, respectively. Notably, both heuristics demonstrate
improvement of up to 24%. These findings suggest that SA-PR surpasses both 3PI and CPLEX
across both time limits. However, 3PI outperforms CPLEX only within the 45-second time limit.

Table 14 illustrates the superior performance of both heuristics over CPLEX. Specifically, when
the time limit is set to 200 seconds, the average improvement is —5.23% for the 3PI heuristic and
—4.97% for SA-PR. Similarly, with a 450-second time limit, the improvements are —4.47% and
—4.2%, respectively. These heuristics exhibit the capability to enhance results by up to 31% com-
pared to CPLEX, across approximately 60% of instances.

5.4. Results analysis

In this study, we conducted an analysis focusing on the performance of two heuristics 3PI and SA-
PR across four different cases: base case, high production cost, high transportation cost, and low
inventory cost which is represented by Figs. 4 and 5.
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Table 12
Performance of the proposed heuristics against CPLEX for large-size instances
3PI SA-PR
Cases N, T CPU’ GAP? CPU* GAP® CPUCPLEX
Base case 1 3 292.00 1.57 164.50 1.58 1828.28
6 459.50 0.96 600.00 1.80 3600.00
2 3 75.00 1.64 139.50 1.47 3600.00
6 414.50 0.40 617.50 1.37 3600.00
3 3 107.00 1.27 101.00 1.23 3600.00
6 267.00 1.58 80.00 1.92 3600.0
High production cost 1 3 291.50 0.24 159.00 0.23 1499.54
6 463.00 0.15 670.50 0.28 3600.00
2 3 77.00 0.24 149.00 0.21 3283.21
6 415.50 0.10 609.00 0.27 3600.00
3 3 229.50 0.06 105.50 0.06 3600.00
6 353.50 0.23 76.50 0.28 3600.00
High transportation cost 1 3 22.00 6.03 166.00 5.63 3600.00
6 201.00 3.30 107.50 5.25 3600.00
2 3 54.00 5.29 67.00 7.15 3600.00
6 174.50 3.49 96.00 5.07 3600.00
3 3 68.50 4.56 63.50 247 3600.00
6 189.00 6.25 85.50 6.01 3600.00
Low inventory cost 1 3 42.50 3.64 208.00 3.26 2843.34
6 245.00 2.69 149.50 3.24 3600.00
2 3 82.50 4.54 192.50 3.92 2257.42
6 267.50 1.95 118.50 3.03 3600.00
3 3 82.50 3.75 151.50 4.66 3600.00
6 222.00 3.22 73.50 3.39 3600.00
Average 212.33 2.38 206.29 2.66 3337.99
6
fo 3p1
losA-PR
4
o
<
Q0
2
Base case High production  High transportation Low inventory
Cases
Fig. 4. Comparison of the average gap between 3PI and SA-PR heuristics for all cases.
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Table 13
Performance comparison of proposed heuristics and CPLEX with 45 and 75 seconds time limits for medium-sized in-
stance

45 seconds 75 seconds
Cases N, T GAP? GAP? GAP? GAP?
Base case 1 6 —24.60 —24.27 —23.41 —23.07
2 3 2.58 2.06 2.92 2.40
6 0.89 0.65 1.28 1.04
3 3 1.20 1.28 1.86 1.94
6 1.55 2.19 1.99 2.64
High production cost 1 6 —18.74 —18.73 —18.62 —18.61
2 3 0.43 0.41 0.43 0.41
6 0.14 0.13 0.19 0.17
3 3 0.24 0.23 0.31 0.31
6 0.10 0.21 0.28 0.39
High transportation cost 1 6 7.14 6.01 7.55 6.42
2 6 0.57 1.50 1.11 2.05
3 3 9.43 1.28 11.25 2.97
6 5.64 1.32 5.42 1.12
Low inventory cost 1 6 0.99 1.32 1.03 1.36
2 6 2.16 2.06 241 2.31
3 3 5.06 3.42 5.14 3.51
6 2.81 2.81 3.68 3.68
Average —0.14 —-0.90 0.27 —0.50
B lo 3pr
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2 _
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Fig. 5. Comparison of average CPU time between 3PI and SA-PR heuristics for all cases.

Figure 4 illustrates the average gap of the two heuristics, SA-PR and 3PI. Notably, SA-PR con-
sistently outperforms 3PI across all cases, particularly in scenarios with high transportation costs.
The smallest gap occurs in the high production cost case, where the number of produced products
remains constant and the production cost is high.

In contrast, Fig. 5, which represents the average CPU time, reveals that SA-PR requires more
time to find better solutions compared to 3PI, except in the high transportation cost case. Inter-
estingly, the LKH-3 routing heuristic of Helsgaun (2017) stops prematurely, even if the resulting
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Table 14
Performance comparison of proposed heuristics and CPLEX with 200 and 450 second time limits for large-sized instance
200 seconds 450 seconds

Cases N, T GAP? GAP* GAP? GAP®
Base case 1 3 —30.61 —30.60 —29.46 —29.45
6 —31.19 —30.61 —28.59 —27.99
2 3 —0.80 —0.97 0.14 —0.02
6 —1.80 —0.85 —0.68 0.27
3 3 —1.10 —1.14 —0.40 —0.44
6 —1.39 —1.06 —0.19 0.15
High production cost 1 3 —29.20 —29.20 —29.20 —29.20
6 -29.10 —29.01 —29.05 —28.96
2 3 —0.14 —0.17 0.00 —0.03
6 —0.24 —0.07 —0.08 0.09
3 3 —0.10 —0.10 —0.07 —0.07
6 —0.45 —0.40 —0.14 —0.09
High transportation cost 1 3 3.00 2.62 3.48 3.10
6 —5.67 —3.85 —2.59 —0.72
2 3 0.02 1.79 0.18 1.95
6 —1.78 —0.27 -2.19 —0.68
3 3 —6.06 -7.93 =5.11 —6.99
6 —3.46 -3.67 1.46 1.23
Low inventory cost 1 3 3.19 2.81 3.21 2.83
6 2.16 2.72 2.17 2.72
2 3 3.78 3.16 3.89 3.28
6 1.28 2.36 1.69 2.78
3 3 2.41 3.30 2.45 3.35
6 1.66 1.84 1.90 2.08
Average —-5.23 —4.97 —4.47 —4.20

solution is far from optimal, indicating the trade-off between computational efficiency and solu-
tion quality.

These findings highlight the trade-offs between solution quality and computational efficiency
for the two heuristics. While SA-PR achieves better solutions, it comes at the cost of increased
computational time compared to 3PI.

5.5. Managerial insights

This section offers specific managerial insights concerning the distribution chain and the influence
of the warehouse count, building upon the instances discussed in Section 5. To illustrate this, we
have compared the current problem with two distinct real-world cases.

In the first case, each warehouse is assigned specific customers (from the second echelon), imply-
ing that each warehouse is responsible for delivering to a designated set of customers.

In the second case, both the manufacturing plant and the warehouses can deliver to all customers.

Below are the details of each case.
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» The first case is named “nearest warehouse customers”: In several places, customers place their
orders with the nearest warchouse, signifying that this particular warehouse is tasked with de-
livering to that specific customer. In this situation, we have linked each customer to the nearest
warehouse, resulting in the creation of sets. To solve this problem, we have to change the ware-
houses’ sets from N, to N, ., where N, represents the customers of each warehouse w in the
mathematical formulation presented in Section 3.

* The second case is named “flexible dual delivery”: we have established a flexible distribution
chain, allowing each customer (both the first and second echelons) to receive their orders through
two options: either directly from the manufacturing plant with direct shipment or via one of the
warehouses using vehicle routing. To solve this problem, we have made some changes to the
model presented in Section 3 as follows:

* Change both sets N. and N~ to Ny = N.U N, here N., N, and Ny represent the first-level
customers, second-level customers, and the union of the sets of customers, respectively.

* Replace constraints (3) and (5) with the following constraints to allow customers to receive
their orders from the plant or warehouses:

Ii=1,1+q;+ Z Zrijkr —dj; VYjeNr,VteT —{1}. 47)
ieN, keK

* Add a new decision variable u;, which is a binary variable that indicates if the manufacturing
plant visited customer 7 in period ¢. The constraints are as follows:

Vi < Q() xu; Vie N.UN,, VteT. (48)

* Modify constraints (11) to avoid split delivery as follows:

> Hyu+us<1 YjeNp VieT. (49)

ieN,, keK

5.5.1. Results

We utilized CPLEX to run the models for both scenarios: one with base case data and the other
with high transportation costs data. Figures. 6-8 illustrate a comparison between the outcomes of
two scenarios. These scenarios involve varying numbers of warehouses and consider both the base
case and elevated transportation costs. Specifically, the comparison focuses on the total cost, trans-
portation cost, and inventory cost. To demonstrate the impact of warehouse count, we established
the baseline solution as the one-warehouse base case (in the case of high transportation cost, we set
the high transportation case with one warehouse as the baseline solution), named as “basic case.”
In each situation, we find the solution cost of using a specific number of warehouses and the Gap,
which is calculated as follows:

Basic case __ Situation
Sol, Soly
w

Basic case
Sol;

Gap = 100 x (50)
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Fig. 6. Comparing total cost results of the three situations.
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Fig. 7. Transportation cost results of the three situations.

When comparing the overall outcomes, it becomes evident that the “flexible dual delivery” situ-
ation outperforms the others in terms of cost reduction, achieving a decrease of 4.23% and 10.72%
when having three warehouses, 3.94% and 9.12% with two warehouses, and 3.95% and 10.34% with
one warehouse for the base and high transportation cost cases, respectively. This highlights the ad-
vantageous impact of distribution flexibility on the entire supply chain. This is due to the flexible
dual delivery situation’s ability to utilize resources more effectively. It allows companies to better
distribute their products and avoid shipping them long distances, which saves on transportation
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Fig. 8. Inventory cost results of the three situations.

costs until 76.45% for the first level with three warehouses. However, it increases the transportation
cost of the second level with variation from 4.97% to 15.91%. Additionally, it allows companies to
be more responsive to customer demand, which leads to lower inventory costs of 66.82%. While
flexible dual delivery enhances resource utilization and responsiveness to customer demand, it also
introduces operational complexity, inventory and logistical challenges, substantial costs, potential
customer confusion, environmental impact, and security risks. On the other hand, the “nearest
warehouse customers” situation is more expensive than the baseline solution, with a 1.24% cost
increase in the base case and a 3% increase for the high transportation cost case. Although this
approach achieves cost reductions in the transportation cost of the second level (up to 10.23%) and
the inventory cost of the manufacturing plant (up to 35.24%), it simultaneously raises the costs
of transportation at the first level (up to 21.2%) and customers’ inventory costs (up to 5.05%).
These findings suggest that this scenario prioritizes making more deliveries in the first echelon to
reduce manufacturing’s inventory costs while minimizing deliveries in the second echelon, leading
to increased customers’ inventory costs.

These findings suggest that the basic situation strikes a balance between the “flexible dual deliv-
ery” and “nearest warehouse customers” approaches in terms of cost reduction and complexity.

Regarding the number of warehouses, it is evident within each situation that the three-warehouse
configuration outperforms the two-warehouse configuration, and the two-warehouse configuration
outperforms the one-warehouse configuration in terms of cost reduction, specifically in the base
case. On the other hand, in the high transportation case, the situation with three warehouses is still
the best.

5.6. Case study

This section presents a case study from Algeria, focusing on a soft drink manufacturing plant lo-
cated in the country’s western region. This manufacturer produces soft drinks of different flavors
(pineapple, strawberry, bitter, blackcurrant, orange, lemon, red apple, and green apple) and bottle
types (33 CL, 1 L, and 2 L) in two main stages: liquid flavor preparation (stage I) and liquid bottling
(stage IT).
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Fig. 9. Comparing total costs.
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Fig. 10. Comparing setup costs.

In stage I, tanks of varying capacities prepare the liquid flavor (concentrate or syrup plus water).
Technically, we cannot prepare two different liquid flavors in the same tank at the same time and
the tank must be empty before preparing a new batch of liquid flavor.

Stage II involves bottling the liquid flavors in the filling line. Initially, the filling line is adjusted to
produce soft drinks of a specific flavor in a specific bottle size. At each changeover of liquid flavor
in the tanks and/or soft drink in the filling line, a sequence-dependent setup time (cleaning and/or
machine adjustments) is necessary.

To fit our study, we consider the production process to be a production line, and we have focused
on only one flavor (pineapple) and one size (1 L). One bottle of soft drink costs 59 Algerian Dinar
(DA). Its production line, with a setup cost of 50,000 DA, can produce 666 bottles per hour, with a
daily operating schedule of eight hours over five days a week.

The manufacturer serves one primary customer and a warehouse that distributes products across
three cities, catering to a total of 24 customers, including grocery stores and soft drink distributors
of various brands. The distances between the manufacturer, the primary customer, and the ware-
house are 3.3 and 1.5 km, respectively.

The manufacturer’s storage capacity is 10,000 bottles, with an inventory holding cost assumed to
be 10% of the bottle price per month. The warehouse has a larger storage capacity of 20,000 bottles,
and its inventory holding cost is 6 DA per bottle per month. The manufacturing plant has a fleet of
vehicles with a capacity of 480 bottles, while the warehouse operates a fleet capable of transporting
6300 bottles. Transportation costs 10 DA per bottle per kilometer. The Appendix section outlines
the distances between the company, warechouse, and customers.

5.6.1. Integrated versus traditional supply chain
In this section, we compare our study with the traditional supply chain of the Algerian company
by utilizing the company’s data. We selected the summer period when demand is high.

Based on the company’s data, Figs. 9-12 show the results obtained from our integrated solution
compared to the current approach being adopted by the company. Our findings show that the
integrated solution lowers the total cost by 2.73% on average. This reduction is primarily due to
better coordination between production, inventory, and transportation decisions.
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Fig. 12. Comparing transportation costs.

First, our method effectively reduces setup costs (see Fig. 10) by streamlining production schedul-
ing and consolidating processes, resulting in fewer setup operations by reduction of one period.
Second, transportation costs are reduced by 2.8%, achieved through fewer trips and shorter travel
distances. The increase in total inventory holding costs shown in Fig. 11 (mainly at the customers)
is largely compensated by the decrease in transportation and setup costs.

5.6.2. Evaluation of the company’s plan

The company is considering the option of expanding by opening a second warchouse in another
city. This new warehouse is expected to deliver six customers (distributors) in that city. In this
section, we aim to determine whether this new warehouse is necessary or if the existing warehouse
can handle the additional customers’ demand. Additionally, we will assess whether the strategy
of assigning each warehouse to its own set of customers is effective. We aim to identify the best
solution for the company to adopt in order to minimize total costs.

Figures 13-16 present the results of three different strategies. The first strategy, called the “com-
pany’s plan,” assigns each warehouse its own set of customers: the main warehouse serves cus-
tomers in three cities, while the second warehouse serves customers in the new city. The second
strategy, “the main warehouse serves customers,” involves using only the main warehouse to serve
all customers in the four cities, effectively ignoring the new warehouse. The third strategy, “both
warehouses serve customers,” allows both warehouses to serve all customers.

The total cost results show that the best option is not to use the new warehouse. When the
model is given full flexibility in such a way that both warehouses can serve all customers, the best
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Company’s plan 1 6.06-107

The main warehouse serves customers 6.05-107

Both warehouses serve customers 6.05-107

Fig. 13. Total cost results of the three strategies.

Company’s plan [T 52,800 Company’s plan | 41,333.8
The main warehouse serves customers | T 52,800 The main warehouse serves customers [[01] 39,535.9
Both warehouses serve customers | ]52,800 Both warehouses serve customers [ ] 39,535.9
(a) Setup costs (b) Customers inventory costs

Fig. 14. setup cost and customers inventory cost results of the three strategies.

Company’s plan | 8,094 Company’s plan | | 741.2
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(a) Main warehouse inventory costs (b) Second warehouse inventory costs

Fig. 15. Inventory cost results of the three strategies.

Company’s plan 13.36-10° Company’s plan [0 536107
The main warehouse serves customers [T 1.21-10° The main warehouse serves customers ]5.56-107
Both warehouses serve customers | ] 1.21-10° Both warehouses serve customers |5.56-107
(a) First echelon transportation costs (b) Second echelon transportation costs

Fig. 16. Transportation cost results of the three strategies.

solution is to use only the company’s current main warehouse. Hence, the company’s plan is more
expensive compared to using only the main warehouse. However, the gap between the costs of the
two solutions is not very large: 0.2%. This led us to conclude that it might be interesting to open
the second warehouse given other criteria than the total costs. Such criteria might include a better
customer service level and better proximity to the market.

6. Conclusion

This research addressed the integration of production, inventory, and routing problems in a two-
echelon supply chain with multiple delivery modes. The problem was effectively solved through
an extended version of the two-phase iterative heuristic of Absi et al. (2015), and a metaheuristic
inspired by Armentano et al. (2011), which combines SA-PR. Computational experiments have
demonstrated that SA-PR achieves better solution quality than the extended heuristic while having
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similar CPU time. Compared to CPLEX’s solution, SA-PR found superior solutions in some cases
and closely approximated CPLEX solutions in the majority of cases, with about 10 times less CPU
time than CPLEX.

Managerial analysis has revealed that using the “flexible dual delivery” method can lead to sig-
nificant cost reductions, from 3.94% to 10.72%. The cost reduction increases as the number of
warehouses increases. This is due to the flexible dual delivery method’s ability to utilize resources
more effectively. It allows companies to better distribute their products and avoid shipping them
long distances, saving transportation costs. Additionally, the findings suggest that the basic situ-
ation strikes a balance between the “flexible dual delivery” and “nearest warehouse customers”
approaches in terms of cost reduction and complexity. We have presented a real-world case study
involving an Algerian soft drink company, where we compared our proposed solution with the
company’s current approach. As a result, it was found that the integrated model can achieve a cost
reduction of 2.73% on average.

The 2E-PRP can be expanded in various ways. One approach is to include uncertain demand
and lead time, which allows for better management of scenarios where product demand and lead
time are not precisely known (Adulyasak et al., 2015a). Another extension involves considering
multi-echelon problems that deal with perishable products (Alvarez et al., 2022). Finally, the SA-
PR algorithm could be improved to adapt to the two situations presented in Section 5.5 and to
reduce CPU times and increase efficiency.
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Appendix

Distances between warehouses and customers are as follows:

© 2025 The Author(s).
International Transactions in Operational Research published by John Wiley & Sons Ltd on behalf of International Federation
of Operational Research Societies.

85UB017 SUOWILLOD BAIERID 3 |qedtjdde au) Ag pausenob a1e 3l e O ‘88N JO'Sa|ni o Akeiq1T 8UlUO AB|IM UO (SUO R IPUOO-PUR-SLLBYWI0D" A3 | 1M Afe.q) 1 )BU1 UO//STNY) SUORIPUOD PUe SWs | 84} 83S *[9202/70/02] U Aiq1T8uljuO AB|IM ‘SoueIS 3URI400D AQ 6TO0L JON/TTTT OT/I0p/L00 A8 | Im AR Iq U1 |UO//SANY WO} papeojumoq 'S ‘9202 ‘S66ESLYT


http://refhub.elsevier.com/S0925-5273(22)00061-5/sref76

14753995, 2026, 5, Downloaded from https://onlinelibrary.wiley.com/doi/10.1111/itor.70019 by Cochrane France, Wiley Online Library on [20/04/2026]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

— —~ 7]

g zEg

on o L

£5%

25w

TEs

= =

EEg3

(]

m -7

o&¢g

.2

=

0 I 6TTLO0 9T L'L ¥T9 L09 9%Y9 TE9 8L6 L'Y6 L'96 6'€6 896 8¥6 LV6 SL6 €56 L'L6 166 101768 L68 868 €68 S'L8 698 TP S8 L'E ¥6L 0€D 5

1 0 8T TI'l 6T 98 619 €09 I't9 879 ¥'L6 €¥6 €96 S€6 ¥96 ¥¥6 €96 1'L6 676 €L6 L'86 101876 €68 ¥'68 688 1,8 S98 8¢8 918 €'¢ 6L 62O %.

_ T 8T 0 LT 6I'0 TS +¥79 L09 9%9 TE9 €96 TE6 TS6 ¥'T6 €56 €€6 TE6 96 8¢6 TI6 9'L6 866 L'E6 €V6 ¥¥#6 6'€6 1'C6 S'16 698 968 TT 8 8O -

eNcLoo 1T LT 0 8T SL LT9 19 619 S¢9 1'86 S6 L6 TV6 TL6 1'S6 S6 8L6 9S6 86 S'66 C01SS6 06 106 968 8'L8 TLS 918 €68 6¢ L6L LTO o
24J 9T 67T 610 8T 0 LY ST79 979 S99 169 TI9 1't6 1'S6 €76 €56 Tt6 1'€6 6S6 L'€6 196 9L6 L'66 9t6 TV6 €¥6 8¢6 T6 ¥'16 888 S68 TC 6'¢8 97O

|

L'L 98 TS SL LY 0 199 ¢%9 €89 699 I'68 98 88 T'G8 T'88 198 98 888 998 68 S'06 9T6 $S6 196 TI6 L'S6 6¢6 €¢6 906 v'I6 TS 8C8 70]
¥C9 619 ¥C9 LT9 ¢T9 199 0 1T €T TT C€IL TIL TI8 ¥8L 1'IL €6L TOL V'IL 86L €98 TL8 'S8 TLL 6'LL 6'LL ¥'LL 9SL SL €TL T'tL S'19 ¥'TL ¥cO
L09 €09 L09 19 979 S¥9 1T 0 € 8T 9TL STL ST8 L'6L ¥'TL 9708 S08 LTL 1'18 9°L8 S'88 898 9°GL €9L TIL L'SL 6'€L €€L LOL ¥'IL 909 TOL €20
9%9 T%9 9%9 6¥%9 S99 €89 €T € 0 Ty STL ¥TL ¥'T8 9'6L €TL S08 ¥08 9TL 18 S'L8 ¥'88 L98 ¥'8L T'6L T'6L 98L 89L TIL S€L €V¥L ¥'19 €L [4¢e}
TE9 8T9 TE9 S€9 1S9 699 TT 8T T¥ 0 STL ¥TL ST 9'6L €TL S08 ¥08 LTL 18 S'L8 $'88 898 TIL 69L 69L ¥9L 9vL vL €IL 1TL v'€9 L'LL 1O
8'L6 ¥'L6 €96 1'86 T96 168 €1L 9CL §CL SCTL 0 L¢ S6 8y IT ¢€¢ ¢L &0 I8 ¥II Tl S¢l  6L1 6L CTLL 6L1 LLT 9LL VLI ¥LI6Y6 691  0CO
L'Y6 €¥6 Tt6 S6 1't6 98 TIL STL ¥'CL ¥TL LE 0 ¥8 9¢ I¥ € ¥9 ¥¢ L ve6 800 191 9LL LLT OLT 9L1 SLT L1 ILT TLI9T6 L91 61D
L96 €96 TS6 L6 1'S6 88 T8 $'T8 ¥'T8 T8 S'6 ¥'8 0 S¢ I'8 19 € Te 81 T ve S LLT LLT OLT LLT SLT SLT TLT €LIT'€6  L91  8ID
6'€6 S€6 ¥'TO TY6 €T6 TS8 ¥'8L L'6L 96L 96L 8% 9 ¢ 0 Ly ¥T TT Ly 9T S v9 8 PLT SLT 89T SLT €LT TLT OLT OLI806 S9T LID
896 196 £€S6 TL6 €56 T8 I'IL ¥CL €CL €CL 1'C Iv I8 LY 0 €¢ ¢¢ L1 L T8 T'6 900 8LI 8LI ILI 8LI O9LT SLT €L ¥LI ¥6 891 91D
8Y6 v'v6 €¢€6 166 Tto 198 €6L 908 08 08 €€ ¢S 19 ¥T €T 0 8C ¢¢ 6% 19 L 98 9LT 9LT 691 9LT %L1 ¥L1 ILL CTLITC6 991 SID
LY6 €¥6 Tt6 S6 1't6 98 TO6L S08 ¥'08 ¥'08 SL ¥9 € I'l €9 8¢ 0 8 1T Sv 65 L6 9LT 9LT 691 9LT ¥LI €LT ILL 1L16'16 991 ¥ID
S'L6 T'L6 96 8L6 6'S6 888 ¥'IL LTL 9CTL LTLSEO0 ¥¢ T'6 Ly L1 ¢¢ 8 0 6L 88 &Il €11 8LI 6LI CTLL 6LT LLT 9LT ¥LT ¥LISV6 691  €ID
€66 676 8¢6 966 L'€6 998 86L I'18 I8 I8 I8 L 81 9T L 6% 1T 61 0 It Sy €38 OLT LLT 69T O9LT ¥LT ¥LT TLT TLIET6 991 TID
L'L6 €L6 T9 86 196 68 €98 9'L8 ¢'L8 G'L8 V'II V6 [4 S T8 I9 ¢Sv 88 It 0 ¥ 4 LT 8LL ILL 8LT O9LT 9L €LI ¥LIEY6 891 11D
166 L86 9°L6 $°66 9°L6 S06 CT'L8 $'88 $'88 ¢88 CTI 80l ¥¢ ¥9 16 L 6S 811 Sv v 0 IT 081 181 €L O8I 8LI 8LI SLI 9L16S6 OLL OID

101 101866 CTOIL66 9T6 S8 898 L98 898 &¢I 191 ¢ 8 901 98 L6 €11 €8 ¥ 1T 0 181 ¢81 GLI T81 081 6LI 9LI LLIL'L6 TLI 6D

T68 8%6 L'€6 $°S6 9'€6 $°S6 TLL 9'SL ¥'8L TOL 6L1 OLT LLT ¥LT 8LT 9LT 9L1 8LI 9L1 8LI 081 181 0 TIT ¢'I S TT LT 89 9 €16 ¥8 8D
L'68 €68 €¥6 06 T¥6 196 6'LL €9L T'6L 69L 6LT LLT LLT SLT 8LT 9LT O9LT 6L1 LLT 8LT 181 TBITT 0690 L9 8¢ tvE€ SL L9 968 €9 LD
868 168 Y¥6 106 €¥6 CT96 6'LL TIL T'6L 69L CLL OLL OLL 891 ILI 691 691 TLI 691 [ILT €LT SLIS'T €90 0 I'9 8¢ ve ¢L L9 86¢8 ¢9 9O
€68 688 6'¢6 968 8¢6 L'S6 Y'LL L'SL 98L ¥'9L 6L1 9L LLT SLL 8LL 9LL 9LL 6LL O9LL 8LL 08I 8L S L9 19 0 I't T¢ 8¢ 9¢ 606 TOI O
S'L8 T1'L8 1'C6 8L8 T6 6'¢6 9SL 6'¢L 89L 9¥L LLT SLT SLL €L1 OLL ¥LI ¥LU LLL ¥LT OLL 8LL 08ITT 8¢ 8¢ 1€ 0SS0 TS v¥ L68 6 )
698 698 S'16 TL8 ¥'16 €€6 SL €€L TIL vL OLL ¥LT SLT TLL SLT ¥LT €L1 9L1 %L1 9L1 8L1 6LILT Ve ¥e Tt §S0 0 9% 6t T68 S8 j30]
TP8 8'€8 698 9¥8 888 906 €TL LOL S€L €IL vLT TILT TLL OLT €LT TILT TILT ¥LT TILT €LT SLT 9L189 &L SL 8S TS 9% 0 TT TL8 8L (%]
S8 918 968 €68 ¢'68 v'I6 1'€L ¥IL €yL 1'CL vLI CTLL €L1 OLL ¥LT CLL ILL ¥LL CLL ¥LL 9LL LLT 9 L9 L9 9C¢ ¥v¥ 6¢ TC 0 888 C9 D

Le €¢ TT 6t TT TS S19 909 ¥I9 ¥'E9 676 9T6 166 806 Y6 1T6 6’16 8¥6 €T6 €16 6'S6 L'L6 €16 968 88 606 L'68 T68 TL3 88 0 618 [\
Y6L 6L P8 L'6L 6'€8 8'C8 ¥TL TOL €L L'LL 691 L9T L9T S91 891 991 991 691 991 891 OLI TLIY'8 €9 S¢9 TOI 6 S8 8L T9 618 0 M
0€D 6TD 8TD LTD 9TD STO ¥TD €D TCD 17D 0TD 61D 8ID LID 91D SID +vID €1D TID 11D 01D 6D 8D LD 9O SO ¥D €O T 1D TM IM SOPON

R. Benfedel et al. / Intl. Trans. in Op. Res. 33 (2026) 3385

International Transactions in Operational Research published by John Wiley & Sons Ltd on behalf of International Federation



	Production routing decisions in a two-echelon supply chain with multiple delivery modes
	1. Introduction
	2. Literature review
	2.1. The single-echelon and the two-echelon PRP
	2.2. Solution approaches

	3. Problem description and formulation
	3.1. Numerical example

	4. Solution approach
	4.1. Three-phase iterative heuristic approach
	4.1.1. Phase I: Echelons coordination phase
	4.1.2. Phase IIa: Lot sizing with direct shipment
	4.1.3. Phase IIb: Routing phase
	4.1.4. Update of visiting cost
	4.1.5. Diversification mechanism

	4.2. SA-PR procedure
	4.2.1. Step I: Initial solution
	4.2.2. Step II: Simulated annealing
	4.2.3. Step III: Path relinking
	4.2.4. Pseudo-code of SA with path relinking


	5. Numerical experiments
	5.1. Generated datasets
	5.2. Performance analysis
	5.3. Computational performance of heuristics on medium- and large-sized instances
	5.4. Results analysis
	5.5. Managerial insights
	5.5.1. Results

	5.6. Case study
	5.6.1. Integrated versus traditional supply chain
	5.6.2. Evaluation of the company80's plan


	6. Conclusion
	Acknowledgments
	References
	Appendix


