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Abstract: This paper examines the challenge of integrated production and distribution, aiming to deliver products to customers precisely on time. Customers, situated within
the transportation network, have predefined requirements regarding demand volume and time frames. In the first phase (F:), the problem of planning and allocation of
resources is presented as FJSP, while the second phase (F2) addresses the vehicle routing problem as CVRPTW. The first phase, F1, aims to optimize manufacturing
processes by appropriately scheduling production tasks to maximize productivity and minimize the time of task execution on machines. Phase 2, F2, encompasses the
process of distribution to customers, seeking to minimize the number of vehicles, delivery time, and overall distance travelled. As both problems are among the most
challenging in combinatorial optimization, integrating these phases into a single supply chain system poses a significant challenge in problem-solving. A mathematical
formulation has been developed to include planning and task allocation in production, as well as vehicle routing, to obtain an optimal solution to the integrated problem. The
input data used in the observed case study represent real data in both the first and second phases, forming one integrated supply chain system. Experimental results support

the applied methodology.
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1 INTRODUCTION

Organization and management of material and
information flows within supply chains play a crucial role
in interconnecting activities. Supply chains encompass all
activities from material sources to the end-user. Over the
past few years, supply chains have garnered increasing
interest both in scientific literature and in practice [1].

The procurement of basic raw materials for production
and the functioning of production represent the first input
material flow in supply chains. These are followed by
production as the second step and the distribution of
finished products as the final one [2]. Basic stages of
supply chains such as procurement, production and
distribution previously functioned independently of each
other. However, today in the world of fast, complex, and
numerous decisions it is necessary to connect all stages into
one complex system. The coordination of the entire system
and the integration of phases within supply chains are
inevitable steps and prerequisites for successful operations
[3]. Interconnecting sources of raw materials, production,
and distributors leads to increased flow of information in
all resource planning phases, aiming to reduce risks in the
overall supply chain system. The implementation of a
logistics system into the supply chain system contributes to
an increase in service levels and the timely delivery of
goods, ultimately aiming to enhance productivity and
profit. The motivation in this work is the connection and
integration of resource planning activities in production
and vehicle routing. It is important to note that resource
planning in production and resource planning in vehicle
routing are two closely related problems within supply
chains, forming a complex system. Production and the
outbound distribution of finished products are crucial
activities where the waiting time between two activities
must be minimized, and service delivery must be at a
maximum level [4, 5].

Production planning and vehicle routing are two well-
studied problems in literature. Although these functions of
the supply chain are interconnected, they are often solved
separately. Resource planning is characterized by

scheduling jobs in a production environment to increase
productivity and reduce overall production time. Resource
planning and scheduling consist of several models used
depending on the type of production and machine layout,
including Single Machine Scheduling Problem, Parallel
Machine Scheduling Problem, Flow Shop Scheduling
Problem, Job Shop Scheduling Problem, Open Shop
Scheduling Problem [6]. All these models play a role in
production planning, and in this study, the Flexible Job
Shop Problem (FJSP) is applied. FJSP is an extension of
the classical Job Shop Problem, allowing flexibility in
executing operations on a set of alternative machines. The
problem of resource planning and scheduling in this paper
represents the second phase within supply chains, while the
next phase involves the Vehicle Routing Problem (VRP).
VRP is one of the most challenging problems in
combinatorial optimization. It is increasingly applied to
solve various problems and holds significant economic
importance in reducing operational costs of distribution
systems. To address real-world issues in VRP solutions,
several constraints are typically introduced, such as a larger
number of depots, different types of vehicles
(homogeneous and heterogeneous), different types of
customer demands (deterministic and stochastic),
infrastructure constraints (one-way streets, restricted
paths), types of services (transport, delivery, and mixed
services), etc. [7, 8].

Vehicle routing is a concept applied in various
problems and holds significant economic importance in
reducing operational costs within supply chains [9].
Establishing a sales network and routing vehicles for the
distribution of finished products to retailers or end-users,
in this case customers, is of great importance. Connecting
phases within supply chains aims to increase productivity
and reduce the overall delivery time of products to
customers at the right time [10]. After assessing the entire
production system, it is necessary to determine which
mathematical model is most suitable for implementation to
ensure the efficient functioning of the production system.
It is important to note that FJSP and VRP are considered
among the most challenging NP problems in their
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respective research areas, posing a significant challenge in
integrating two separate optimization problems [11].
Integrating these two problems can significantly contribute
to saving time and increased overall system productivity in
the future. The advantage of merging these phases into a
modern system within supply chains leads to average
improvements ranging from 5% to 20%, as observed in the
study [12]. Companies are increasingly encouraged to
jointly optimize production scheduling and outbound
distribution. Above all, companies are now more focused
on key competencies than before [13]. The authors in the
paper [13] provide an extensive literature review on
integrated production planning and vehicle routing,
considering 65 studies since 2010. In the paper [14], the
focus is on integrated supply chain management, taking
into account the perishability of goods. The research in the
papers [15-17] revolves around the observation and
integration of these phases from a strategic, tactical, and
operational decision-making perspective. The authors of
the paper [18] present a case study that focuses on the
challenges of synchronous production and distribution
planning, specifically on permutation flow planning in
production operations and setup time dependent on the
sequence and alternative routing of vehicles in distribution.
In the paper [19], the authors emphasize the importance of
considering a compromise between delays and delivery
costs when making tactical decisions.

In the paper [20], the authors discuss the significant
drawback of a lack of information exchange between key
entities in supply chains. The authors propose a new
concept for solving the problem of integrated production
and routing with reverse logistics and remanufacturing.
The subsequent sections of the paper present the work
through several key components, as outlined below.

The paper consists of several key parts and is
presented through five sections. In the introductory section,
the basic motivation and advantages of the proposed idea
in integrating two distinct research areas are presented.
Chapter 2 illustrates the mathematical model, as well as the
procedures for optimizing and integrating the Flexible Job
Shop Problem (FJSP) and Vehicle Routing Problem (VRP)
into an intelligent system in the form of supply chains.
Chapter 3 outlines the applied methodology and the
implementation of well-known metaheuristic algorithms.
Chapter 4 presents a case study and the optimization of the
problem on a specific example. In the final part of the
paper, titled "Results," experimental research results are
presented, along with the advantages of the integrated
model as a planning system in the supply chain,
representing the future and bringing significant benefits
through the integration of these two research areas.

2 MATHEMATICAL MODEL

The mathematical model in this paper consists of two
key phases within the supply chain. In the first phase, F1,
the supply chain problem is presented as the planning and
scheduling of resources, known as the FJSP. In the second
phase, F>, VRP is presented. The primary motivation in the
paper is the integration of FISP and VRP into a unified
system within the supply chain, aiming to enhance
reliability, productivity, and minimize the overall time

within and between phases. The graphical representation of
the mathematical model is given in Fig. 1.

m Phase 1- Planning and scheduling problem FISP ‘

Ay~ Planniing and scheduling problem

Figure 1 Integration of phase F1 and F2 supply chain system

2.1 Mathematical Formulation of the Model for Two Phase
F=F+F

Each job has its path through the machining center, and
each operation within that job can be performed by any
machine. It is necessary to arrange n products J = {Ji, J,
..., Jn}, where each job J; (j = 1,2, ..., n) has a sequence of
n; operations (O, Oz, ..., Oy;,;) that need to be executed
in a given order on m machines M = {M1, M,, ..., M,,}. For
a fully flexible problem, each machine can perform only
one operation at a given time, and the processing times of
each operation depend on the available machines and are
represented by ¢;;« (processing time of operation O;; on
machine M;). This activity in the supply chain plays a
crucial role in job planning and scheduling to minimize
time and increase production productivity, thereby
minimizing product delays. The following notation [6] is
used to define the mathematical formulation of the FISP
model:

For variable Xj; it holds that it is 1 if machine £ is
selected to process operation Oj;, otherwise it is 0.

For variable Y the condition is that it is 1 if
operation Oj; precedes operation O;7 on machine &,
otherwise it is 0.

The minimization of the objective function, [21, 22]:

F =minc_,, (1)
with the following restrictions:
D Xy=L Vel VjeO, )

kEM./‘

I g

Sy +Cyp <(Xyi )L, VielVjeO,VkeM,;  (3)

Cyre = Sy + g — (1= Xy ) L,

ij ij
VieJ,VjeO[,‘v’keMj,

)

Tehnicki viesnik 31, 3(2024), 800-807

801



Danijel MARKOVIC et al.: Metaheuristic Algorithms for the Optimization of Integrated Production Scheduling and Vehicle Routing Problems in Supply Chains

Sik 2 Coe = Yy - L, )
Vi<iVjeO,V)j'e0, VM, "M,
Sk = Cype = (1= Yy ) L. ©)
Vi<i\VjeO,Vj'€0,, VM, "M,

2 Sz 2 G v"e‘]’vjeq_{O’ﬁ”}’ @)
keMj keMj

G2 X Cougur Vied, ®)
keMj
Coax 2C;, Vield, )

Eq. (1) represents the objective function, aiming to
minimize the total time during the planning and scheduling
of operations on machines. Eq. (2) represents the constraint
of assigning one operation to a machine. Eq. (3) represents
the temporal constraint for performing operations on
machine k; if operation O is not scheduled on machine £,
the operation's time is zero. Eq. (4) represents the
difference between the start and completion times,
ensuring it is at least equal to the processing time on
machine k. Egs. (5) and (6) represent the impossibility of
simultaneously performing operations O;; and O;; on the
same set of machines M;NM;. Eq. (7) represents the
constraint on the order and ensures the timely execution of
priority jobs compared to other less important ones.
Constraint (8) determines the completion time of jobs on
machines. Constraint (9) determines the span of job
completion.

The primary goal of the study is to minimize the total
time for F' = F| + F,. The methodology for the VRP with
constraints on capacity and time will be presented in
continuation. This means that, in addition to vehicle
capacity constraints, constraints related to the start of
service and vehicle waiting time for customers are
introduced. This problem is defined in the literature as the
Capacitated Vehicle Routing Problem with Time
Windows. Additionally, this problem can be represented as
a combination of routing and scheduling problems, which
is a common scenario in real life [23].

Servicing each customer with the k-th vehicle must
start within a time window [ex, [ix], where e is the earliest
and /i is the latest arrival time at customer i(i€V). If a
vehicle arrives at a customer before the defined time, the
vehicle is typically allowed to wait until time e; before
starting the service. Let ¢ be the arrival time of the vehicle
at customer i (the time elapsed from the vehicle leaving the
depot until arriving at customer 7), and w; be the waiting
time at customer i before starting the service, where ¢,
wi€R, t; > 0 and w; >0. Letti'/ be the travel time from

customer i to customer j, and f, be the service time at
customer 7. It is evident that the arrival time of the vehicle
at customer j consists of the arrival time at customer i, ,
the waiting time before starting the service at customer 7,
w;, the service time at customer i, f,, and the travel time
between customer i and j, ;; .

In the model of the Capacitated Vehicle Routing
Problem with Time Windows (CVRPTW), it is necessary
to introduce an additional constraint regarding the
maximum duration of vehicle engagement on a single
route. For this purpose, the variable T, is introduced,
representing the maximum allowed travel time for vehicle
k on route r. It is customary for the weight matrix in this
model to consist of a travel time matrix, assuming that all
vehicles depart from the depot at time zero. Before
formulating the mathematical objective function F>, certain
assumptions need to be introduced. We assume that there
are K vehicles at the depot, each with a known capacity Ox.
To ensure the feasibility of the solution, it is necessary that
q < Ok for eachnode i (i =1, ..., n) and each vehicle & (k
=1,...,K).

If we assume that each vehicle can perform at most one
route and that K is not less than K yin, where K min represents
the minimum required number of vehicles to serve all
customers, the value of K mix can be determined by solving
a new optimization problem. This problem involves
determining the minimum number of vehicles (with
capacity Or) needed to serve all demands ¢;. The minimum
number of vehicles affects traffic safety in urban areas [24].
For each i, j, k€V, the following decision variable can be
defined: The variable x; is equal to 1 if vehicle £, after
visiting customer i, proceeds to visit customer j; otherwise,
it is 0. Now, the mathematical model for the CVRPTW, for
n customers and & vehicles, can be represented as follows:

K n n
E, :minzzz%kxijk (10)

k=1i=0 j=0

with the following restrictions:

DX =1 k=12,...K, )
i=0

ixojkzl, k=12,...K, (12)
j=0

K n

D xp =L j=12...n, (13)
k=1i=0

D 4% <O, k=12,...K, (14)
i=1

Doxp =D X i=12,.,mk=12,. K, (15)
i=1 i=1

D xp <|S|-1L VS <{2,..nh k=12, K, (16)
i,jeS

X =101}, i j=12,...mk=12,. K, 17
K n

P> (it )< Ty j=1,2,m (18)
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tO = [00 = WO = 0 (19)
K n

DD w (i w )<t j=120m, (20)
k=1i=0 ‘

e <(t;+w)<l, i=0,1,...n, 21)

Constraint (11) and (12) imply that each vehicle
leaving the depot must return to the same depot. Constraint
(13) ensures that each customer must be visited exactly
once by exactly one vehicle. Constraint (14) ensures that
the total capacity of the customers served by a single
vehicle does not exceed the capacity of that vehicle.
Constraint (15) allows the preservation of the vehicle flow,
i.e., it ensures that vehicle & must leave customer j after
serving customer j. Constraint (16) prevents the occurrence
of cycles that do not represent a complete route. Constraint
(17) defines the passage through the edge between
customers i and j by vehicle £ and can take a value of 0 or
1. Constraint (18) ensures that the total travel time of
vehicle & on a route is less than or equal to the maximum
allowed engagement time for that vehicle. Constraint (19)
sets the departure time of each vehicle from the depot, the
waiting time, and the service time in the depot to zero.
Constraint (20) ensures that the arrival time of vehicle £ at
customer j is less than the predicted arrival time at that
node, while constraint (21) ensures that the sum of the
arrival time and waiting time for each vehicle is greater
than or equal to the earliest allowed arrival time at
customer i and less than or equal to the latest allowed
arrival time at customer i.

3 METHODOLOGY

The methodology applied in the paper is based on the
implementation of two well-established algorithms for
solving job scheduling and vehicle routing problems:
Genetic Algorithm and Simulated Annealing Algorithm. It
should be noted that the proposed algorithms belong to the
group of metaheuristic algorithms. A metaheuristic
represents a higher-level heuristic, and the main goal is to
find the optimal solution and converge the solution based
on the desired objective function through a series of
iterations. Depending on the problem, the goal is to
minimize or maximize the objective function. In this paper,
the objective is to minimize the total delivery time,
minimize the waiting time between the two integrated
phases, and maximize the quality of services through an
integrated system within the supply chains. The concept of
metaheuristic was first mentioned by the renowned
scientist Fred Glover in 1986 [6]. These algorithms or
methods are now recognized as some of the most practical
approaches to solving many complex problems, which is
particularly relevant for addressing various real-world
combinatorial optimization problems [7, 8]. Fig. 2 provides
a real graphical representation of serviced routes in the
Republic of Serbia.

The two mentioned metaheuristic methods are
presented in the continuation of the paper. They have
already been applied to solve and optimize the integrated
production planning and vehicle routing problem in supply
chains [9, 25].

JaroguHa
Ihynpwja

MapahuH
KpWbeso

Cokobarba

Ilu[‘xgmw- \

Kypwymnuja
R ;

Figure 2 Supply chain system and real graphic representation of routes
3.1 Genetic Algorithm

The Genetic Algorithm (GA), as mentioned earlier,
belongs to the category of metaheuristic algorithms,
drawing inspiration from the evolutionary process in
nature. The GA was initially introduced by the well-known
scientist John Holland and his collaborators in the 1960s
and 1970s. In this paper, a GA is employed to solve the job
scheduling and routing problem in a supply chain, where
the first phase involves planning and scheduling tasks, and
the second phase deals with delivering products precisely
on time through vehicle routing [21].

Genetic algorithm

Beginning
Objective function f{x), x = (x1,....,.xn)7
Initialization of the initial population in the form of
chromosomes (binary form or real form of chromosomes)
Generation of initial population with a sequential schedule of
jobs, which represents a number of possible solutions.
Defining the crossover probability pe
Defining mutation probability pm
while (1 < defining the maximum number of itcrations)

Generation of new sequential schedule of jobs

If pc > rand, Crossover;

end if

If pm > rand, Mutation;

end if
Accepting the new sequential work schedule if it is better
Selection of the optimal solution based on the objective
function

end while

Printing of the optimal work schedule and visualization on
Ganttogram.
End

Figure 3 General procedure of the genetic algorithm

The fundamental modification and complexity of the
presented problem lie in integrating these two phases into
a single supply chain system. It is worth noting that each
of these phases is already quite complex [16]. The setup of
the GA involves several stages characteristic of the
algorithm itself: defining initial optimization conditions
and problem setup, the selection process, crossover,
mutation, and evaluating the optimal solution based on the
specified criteria and the objective function for the
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observed problem. All stages within the GA - selection,
crossover, mutation - are repeated through a series of
predefined iterations wuntil the initial optimization
conditions achieve a sufficiently good solution or an
optimal solution. It is important to mention that the GA has
a wide range of applications in various research fields [26,
27]. Fig. 3 outlines the general procedure of the genetic
algorithm [28].

3.2 Simulated Annealing

Simulated Annealing (SA) belongs to the category of
metaheuristic algorithms and mimics the natural process
based on the tempering of materials, a technique
commonly used in the metal tempering process in
metallurgy. The SA algorithm was first proposed by the
renowned scientist Kirkpatrick and his collaborators back
in 1983 [7, 8]. The simulation of the material tempering
process involves gradually decreasing the temperature
until the initial optimization conditions are met, aiming to
achieve an optimal solution based on the specified
objective function [6, 9]. Fig. 4 outlines the general
procedure of simulated annealing [28].

Simulated Annealing

Beginning
Objective function fix), x = (x1,...xp)7
Defining the beginning temperature 7y and beginning
iterations x”
Defining the final temperature 7 and the total number of
iterations observed problem N
Defining cooling T— a7, (0 <a < 1)
While (7> Trand n < N)
Random research of new locations: xn+; = X»+rand
Research and calculation of new solutions, in case it is
better to remember and accept the new solution Af = fu+1(Xn+1)-
falXn),
If otherwise generate a new solution or number j r
Accepting if condition is met p = exp [-Af/T]>r
end if
Updating the new best solution x« 1 f+
n=ntl
end while
Printing of the optimal work schedule and visualization on
Ganttogram

A distinctive feature of the SA algorithm is that it
reduces the temperature of the material to an admissible
state corresponding to the lowest temperature, whereas the
material tempering process involves pre-defining
temperatures at which the material will satisfy defined
criteria.

During the optimization process using the SA
algorithm, it starts with a high temperature that allows for
diversity in the proposed solutions. Through a series of
predefined iterations, the algorithm gradually reduces the
temperature, narrowing down the selection of potential
solutions.

4 CASE STUDY AND RESULTS

This part of the paper presents the interconnection
between the two key activities, F; - planning and
scheduling of resources and F> - vehicle route planning and
product delivery to customers. Based on the previously
introduced mathematical models for both activities, the
supply chain system will be considered as the combination
of activities F'; + F. In the current literature, the problems
of resource planning and vehicle routing are often treated
as separate issues due to the complexity of each problem.
The motivation for integrating these activities is to form a
unified supply chain where a single production system
operates as both a production and on-time product delivery
system. One of the goals is to minimize the time between
these two activities, leading to significant time savings in
product delivery to customers and in the planning process.

To address the problems within the supply chain,
metaheuristic algorithms will be applied, specifically the
Genetic Algorithm and Simulated Annealing. Comparing
these two algorithms and implementing them with specific
procedures represents a significant challenge in solving
this type of problem. The application of artificial
intelligence in the realm of planning, considering
processing times on machines, combined with fleet
planning and routing, incorporating delivery times while
minimizing the objective function for both activities, is the
main motivation and objective of this study. It is important
to note that real data were used as input parameters for
optimization in both the first phase (F) and the second
phase (F>) of the research.The input parameters for
activities in both F'; and F are presented in Tabs. 3 and 4.

End
Figure 4 General procedure of simulated annealing
Table 3 Input parameters of phase F1 of the supply chain system
F; - Optimization of the first phase of the problem of resource planning and allocation using GA and SA
Jobs Overations Processing times
P M, M, M; M, Ms M, M, Ms
Oy 6 8 5 4 7 9 8 6
J1%100 O, 9 13 11 15 12 12 16 15
[ 2 5 4 6 8 6 5 8
J2x 130 On 6 10 4 8 9 11 3 4
[ 4 2 3 4 7 9 8 5
O3, 4 4 1 8 4 8 10 7
Jyx 100 053 3 7 3 2 l 4 6 3
O34 8 9 11 12 6 6 8 7
Oy 5 6 4 2 6 4 5 6
Jy % 100 Oy 7 2 8 7 4 5 3 5
[ 3 13 5 4 5 6 5 2
Os, 8 12 6 9 11 8 7 6
Jsx 130 Osy 7 6 5 5 4 8 9 11
Os; 9 8 12 11 6 8 8 6
804 Technical Gazette 31, 3(2024), 800-807
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Table 4 Input parameters of phase F2 of the supply chain system

F;, - planning the vehicle route and delivering the product to customers
Customer Cities Latitude Longitude Total number of Number of Results of the first phase F)
products products
Products Ni$ 43.32646 21.94676 580 580 GA — Ciax SA — Cruax

44.015758 20.920489 18
44.013289 20.900105 26

Job, Kragujevac 44.027207 20.921991 100 29 Clmax= 1300 min | Cipa= 1300 min
44.002825 20.892723 19
44.010912 20.868218 8
43.730766 20.657172 32
43.734053 20.675540 25

Job, Kraljevo 3;;;?252 ggsgi?gi 150 ‘1‘2 Comax =750 min | Copax = 750 min
43.728471 20.700345 22
43.733991 20.721717 13
43.565504 21.326410 19
43.566997 21.342718 16

Jobs KrusSevac 43.573713 21.328298 100 12 Cimax = 1000 min | Cspax = 1100 min
43.578874 21.314994 28
43.586148 21.339628 25
42.985985 21.949674 9
42.982531 21.970445 13

Job, Leskovac i;gggiiz ;igg?g; 100 é? Clmax = 1000 min | Cymax = 750 min
42.996532 21.925041 27
43.014546 21.950447 11
42.531655 21.906158 14
42.545821 21.880752 29

Jobs Vranje 42.551132 21.898948 130 26 Csmax = 1950 min | Cspay = 2080 min
42.561375 21.901781 19
42.561052 21.982429 42

Within the first phase (£1), the production of cables in
Nis is observed. The cables are categorized into five
different product types: Jobi, Joby, Jobs, Jobs, and Jobs.
The goal of the first phase is to optimize production,
thereby increasing productivity and minimizing the
makespan (Cmax) of the output function.

The second phase (F») aims to take the finished
products from the first phase and optimize the vehicle
routing problem. The primary objective is to minimize the
delivery time of the finished products to all customers who
have requested the service. Additionally, it involves
optimizing the vehicle capacity during the product delivery
process.

The total time required for the distribution of ordered
products to end-users was predicted by optimizing the
production process and product delivery to the specified
address. The overall time required to complete all products
in production and ready for further delivery for each
product was: Job; = Cimax = 1300 min, Jobs = Comax = 750
min, Job; = Cimax = 1000 min, Jobs = Cymax = 750 min, Jobs
= Csmax = 1950 min, All Jobs = Cumax= 5750 min.
Meanwhile, the total time required for the distribution of
these products to end-users was: Kragujevac: Job; = 190
min, Job, = 210 min, Kraljevo: Job, = 280 min, Job, = 266
min, Job,= 261 min, KruSevac: Job;= 158 min, Job;= 146
min, Leskovac: Jobs = 109 min, Jobs= 100 min, Vranje:
Jobs= 175 min, Jobs= 166 min, Jobs= 158 min. The total
time of the objective function when integrating all phases
in the supply chain F = F| + F, was: Job; = Fi;= 1490 min,
JObl =F;,=1319 min, JOsz F>1=1030 min, J0b2: Fpn=
1016 min, Job, = F»3= 1011 min, Jobs = F3; = 1158 min,
J0b3 = F32 = 1146 min, J0b4 = F41 =859 min, J0b4 = F42 =
850 min, J0b5 = F51 = 2125 rnin, JObs = F52 = 2116 min,
Jobs = Fs3= 2108 min, while the total delivery time of all
products to the exact locations was F' = 15958 min.

Based on the obtained results, it can be concluded that
the proposed methodology is successful. The main
advantages and benefits of this approach lie in the time
savings between observed phases, as well as the accurate
delivery and planning of product delivery on time. The
study represents a significant contribution to the field of
supply chain optimization through the integration of key
activities and the application of advanced metaheuristic
algorithms, offering potential solutions for improving the
efficiency of production and delivery processes.

Table 5 Optimization results F = F1+ F»
Total time of
. . the objective
Customer Cities Total d/eii:;clry time function
F= Fl + Fz /
min
Products Nis Rute, delivery time F, F
. 0-1-3-0,190 1490
Jobi | Kragujevac 37575070 19 1319
0-4-6-0,280 1030
Job, Kraljevo 0-5-2-0,266 1016
0-1-3-0,261 1011
. 0-4-5-0,158 1158
Jobs Krusevac 0-2-1-3-0, 146 1146
0-5-4-0,109 859
Job, Leskovac 0-2-3-6-0,100 350
0-1-3-0,175 2125
Jobs Vranje 0-2-4-0,166 2116
0-5-0,158 2108

The results presented in Tab. 5, as well as graphically
in Fig. 3, demonstrate the success of the proposed
methodology. A future direction of research may include
introducing some logistics centre in the supply chain
between production and customers [29].
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Figure 3 Graphic representation of the proposed methodology

5 CONCLUSION

In this study, the interconnection and optimization of
key activities in the supply chain were analyzed. These
activities encompass the planning and allocation of F
resources, as well as the planning of vehicle routes and
product delivery to customers (F). The researchers present
these activities as part of a unified supply chain (F + F>)
with the goal of creating a system where the production
process and product delivery operate synchronously and
accurately according to plan.

The significant contribution of the research lies in
connecting the resource planning and vehicle routing
problems, traditionally treated as separate issues due to
their complexity. The integration of these activities aims to
minimize the time between them, resulting in more
efficient product delivery to customers and optimization of
planning. The genetic algorithm and simulated annealing
are used as fundamental tools to solve this problem, with
comparing and implementing these algorithms being
challenging aspects of the research. The main motivation
of the work is the application of artificial intelligence in the
domain of time planning for machine operations and
vehicle fleet routing to minimize the objective function,
covering both activities. Real data were used as input
parameters for optimization in both phases of the research.
In the first phase (£1), the focus was on optimizing cable
production in Ni§, with distribution across five different
product types. The goal was to increase productivity and
minimize the completion time function Cpay. In the second
phase (F»), the task was to optimize the vehicle routing
problem with an emphasis on minimizing the delivery time
of products to all customers and optimizing the use of
vehicle capacity.

Future direction of research, which would improve the
work, could be that in the first phase production is
considered as a stochastic process. Also, it should be
considered in the second phase of customer requests as
stochastic demand and in real time. Such a study would
correspond to the real situation and significantly improve
the processes in both the first and second phases.
Considering the increasing role of smart technologies in

everyday life, the application of smart transport and
logistics technologies can also be a challenge for future
research directions.

Acknowledgements

This research was financially supported by the
Ministry of Education, Science and Technological
Development of the Republic of Serbia (Contract No. 451-
03-9/2021-14/200109) and by the Science Fund of the
Republic of Serbia (Serbian Science and Diaspora
Collaboration Program, Grant No. 6497585).

6 REFERENCES

[1] Moons, S., Ramaekers, K., Caris, A., & Arda, Y. (2017).
Integrating production scheduling and vehicle routing
decisions at the operational decision level: A review and
discussion. Computers & Industrial Engineering, 104, 224-
245. https://doi.org/10.1016/j.cie.2016.12.010

[2] Liu, L. & Liu, S. (2020). Integrated production and
distribution problem of perishable products with a minimum
total order weighted delivery time. Mathematics, 8(2), 146.
https://doi.org/10.3390/math8020146

[3] Theophilus, O., Dulebenets, M., Pasha, J., Lauyip, Y.,
Fathollahi-Fard, A., & Mazaheri, M. (2021). Truck
scheduling optimization at acold-chain cross-docking
terminal with product perishability considerations.
Computers & Industrial Engineering, 156, 107240.
https://doi.org/10.1016/j.cie.2021.107240

[4] Yaping, F., Yushuang, H., Zhenghua, C., Xujin, P., Kaizhou
G., & Ali, S. (2022). Modelling and scheduling integration
of distributed production and distribution problems via black
widow optimization. Swarm and Evolutionary Computation,
68(3), 101015. https://doi.org/10.1016/j.swev0.2021.101015

[5] Jianyu, L., Panos, M. P., & Chuan, L. (2022). Level-based
multi-objective particle swarm optimizer for integrated
production scheduling and vehicle routing decision with
inventory holding, delivery, and tardiness costs.
International Journal of Production Research, 60(11),3319-
3338. https://doi.org/10.1080/00207543.2021.1919780

[6] Stankovié, A., Petrovié, G., Markovié, D., & Cojbasi¢, Z.
(2022). Solving Flexible Job Shop Scheduling Problem with
Transportation Time Based on Neuro-Fuzzy Suggested

806

Technical Gazette 31, 3(2024), 800-807



Danijel MARKOVIC et al.: Metaheuristic Algorithms for the Optimization of Integrated Production Scheduling and Vehicle Routing Problems in Supply Chains

Metaheuristics. Acta Polytechnica Hungarica, 19(4), 209-
227. https://doi.org/10.12700/APH.19.4.2022.4.11

[7] Mzili, T., Mzili, 1, Riffi, M. E., Pamucar, D., Simi¢, V., &
Kurdi, M. (2023). A novel discrete rat swarm optimization
algorithm for the quadratic assignment problem, Facta
Universitatis, Series: Mechanical Engineering, 21(3), 529-
552. https://doi.org/10.22190/FUME230602024M

[8] Stankovi¢, A., Markovi¢, D., Petrovié, G., & Cojbaéic’, Z.
(2020). Metaheuristics for the waste collection vehicle
routing problem in urban areas. Facta Universitatis, Series:
Working and Living Environmental Protection, 17(1), 001-
016. https://doi.org/10.22190/FUWLEP2001001S

[9] Markovié, D., Petrovi¢, G., Cojbaéic’, 7., & Marinkovi¢, D.
(2019). A metaheuristic approach to the waste collection
vehicle routing problem with stochastic demands and travel
times. Acta Polytechnica Hungarica, 16(7), 45-60.
https://doi.org/10.22190/FUME190318021M

[10]Lo, S-C. & Chuang, Y-L. (2023). Vehicle Routing
Optimization with Cross-Docking Based on an Artificial
Immune System in Logistics Management. Mathematics,
11(4), 811. https://doi.org/10.3390/math11040811

[11] Lo, S. C. (2022). Particle swarm optimization approach to
solve the vehicle routing problem with cross-docking and
carbon emissions reduction in logistics management.
Logistics, 6(3), 62. https://doi.org/10.3390/logistics6030062

[12] Lotte, B., Yannick, K., & Jean-Charles, B. (2023). A review
on integrated scheduling and outbound vehicle routing
problems. European Journal of Operational Research,
311(1), 1-23. https://doi.org/10.1016/j.ejor.2022.12.036

[13] Berghman, L., Kergosien, Y., & Billaut, J. C. (2023). A
review on integrated scheduling and outbound vehicle
routing problems. FEuropean Journal of Operational
Research. hitps:/ldoi.org/10.1016/j.engappai.2021.104373

[14] Chen, H. K., Hsueh, C. F., & Chang, M. S. (2009).
Production scheduling and vehicle routing with time
windows for perishable food products. Computers &
operations research, 36(7), 2311-2319.
https://doi.org/10.1016/j.cor.2008.09.010

[15] Chevroton, H., Kergosien, Y., Berghman, L., & Billaut, J. C.
(2021). Solving an integrated scheduling and routing
problem with inventory, routing and penalty costs. European
Journal of Operational Research, 294(2), 571-589.
https://doi.org/10.1016/j.ejor.2021.02.012

[16] De Castro Pena, G., Santos, A. C., & Prins, C. (2023).
Solving the integrated multi-period scheduling routing
problem for cleaning debris in the aftermath of disasters.
European Journal of Operational Research, 306(1), 156-
172. https://doi.org/10.1016/j.ejor.2022.07.005

[17]Su, J., Fu, Y., Gao, K., Dong, H., & Mou, J. (2023).
Integrated scheduling problems of open shop and vehicle
routing using an ensemble of group teaching optimization
and simulated annealing. Swarm and Evolutionary
Computation, 83, 101373.
https://doi.org/10.1016/j.swev0.2023.101373

[18] Mohammadi, S., Al-e-Hashem, S. M., & Rekik, Y. (2020).
An integrated production scheduling and delivery route
planning with multi-purpose machines: A case study from a
furniture manufacturing company. International Journal of
Production Economics, 219, 347-359.
https://doi.org/10.1016/j.ijpe.2019.05.017

[19] Huang, M., Du, B., & Guo, J. (2023). A hybrid collaborative
framework for integrated production scheduling and vehicle
routing problem with batch manufacturing and soft time
windows. Computers & Operations Research, 159, 106346.
https://doi.org/10.1016/j.cor.2023.106346

[20] Ma, X., Fu, Y., Gao, K., Zhang, H., & Mou, J. (2023). A
knowledge-based multi-objective evolutionary algorithm for
solving home health care routing and scheduling problems
with multiple centers. Applied Soft Computing, 110491.
https://doi.org/10.1016/j.as0c.2023.110491

[21] Yagmur, E. & Kesen, S. E. (2024). Integrated production
scheduling and vehicle routing problem with energy efficient
strategies: Mathematical formulation and metaheuristic
algorithms. Expert Systems with Applications, 237, 121586.
https://doi.org/10.2139/ssrn.4485801

[22] Ozgiiven, C., Ozbakir, L., & Yavuz, Y. (2010).
Mathematical models for job-shop scheduling problems with
routing and process plan flexibility. Applied Mathematical
Modelling, 34(6), 1539-1548.
https://doi.org/10.1016/j.apm.2009.09.002

[23] Zhou, S., Zhang, D., Ji, B., Zhou, S., Li, S., & Zhou, L.
(2023). A MILP model and heuristic method for the time-
dependent electric vehicle routing and scheduling problem
with time windows. Journal of Cleaner Production, 140188.
https://doi.org/10.1016/j.jclepro.2023.140188

[24] Damjanovi¢, M., Stevié, 7., Stanimirovié¢, D., Tanackov, 1.,
& Marinkovi¢, D. (2022). Impact of the number of vehicles
on traffic safety: multiphase modeling. Facta Universitatis,
Series: Mechanical Engineering, 20(1), 177-197.
https://doi.org/10.22190/FUME220215012D

[25] Raki¢, M., Zizovié, M. M., Miljkovié, B., Njegus, A.,
Zizovié, R. Z., & PDordevi¢, 1., (2023). Multi-criteria
selection of standards for system analyst activities in
organizations. Facta Universitatis, Series: Mechanical
Engineering, 21(3), 433-451.
https://doi.org/10.22190/FUME230521023R

[26] Wen, X., Qian, Y., Lian, X., Zhang, Y., Wang, H., & Li, H.
(2023). Improved genetic algorithm based on multi-layer
encoding approach for integrated process planning and
scheduling problem. Robotics and Computer-Integrated
Manufacturing, 84, 102593.
https://doi.org/10.1016/j.rcim.2023.102593

[27] Boudjemline, A., Chaudhry, I. A., Rafique, A. F., Elbadawi,
I. A., Aichouni, M., & Boujelbene, M. (2022). Multi-
Objective Flexible Job Shop Scheduling Using Genetic
Algorithms. Tehnicki vjesnik, 29(5), 1706-1713.
https://doi.org/10.17559/TV-20211022164333

[28] Yang, X. S. (2010). Engineering Optimization: An
introduction with metaheuristic applications. University of
Cambridge, United Kingdom.

[29] Tomi¢, V., Marinkovi¢, D., & Markovi¢, D. (2014). The
selection of logistic centers location using multi-criteria
comparison: case study of the Balkan Peninsula. Acta
Polytechnica Hungarica, 11(10), 97-113.

Contact information:

Danijel MARKOVIC, PhD, Assistant Professor
(Corresponding author)

Faculty of Mechanical Engineering, University of Ni§,
University of Nis, Serbia

E-mail: Danijel. markovic@masfak.ni.ac.rs

Aleksandar STANKOVIC, Teaching and Research Assistant
Faculty of Mechanical Engineering, University of Ni§,
University of Nis, Serbia

E-mail: aleksandar.stankovic@masfak.ni.ac.rs

Dragan MARINKOVIC, PhD, Full Professor

University of Ni§,

Faculty of Mechanical Engineering in Ni§,

Aleksandra Medvedeva 14, 18000 Ni§, Serbia

Lecturer and Research Assistant,

Department of Structural Analysis, Berlin Institute of Technology,
Strasse des 17, Juni 135, 10623 Berlin, Germany

E-mail: dragan.marinkovic@tu-berlin.de

Dragan PAMUCAR, PhD, Full Professor

Vilnius Gediminas Technical University,

Transport and Logistics Competence Centre, Lithuania
E-mail: dpamucar@gmail.com; pamucar@Uvilniustech.It

Tehnicki viesnik 31, 3(2024), 800-807

807




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


