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Abstract: Logistics management research has significantly
benefited from the increased prominence of warehouse
management challenges in recent years, which are now
extensively utilized in analyzing logistics distribution and
transportation networks. Concerning Facility Location
Problems and their variations, this work attempts to perform an
extensive literature assessment of current model advances and
improvements. This study also aims to ascertain the influence
and developments in Facility Location Problems, which are
classic optimization problems with numerous applications in
manufacturing, distribution, transportation, and supply chain
management decisions. This study thoroughly analyzes current
developments in facility location problems, a category of
optimization issues frequently used in network architecture,
logistics, and supply chain management. The review analyzes
literature from the past decade, categorizing works based on
problem variants, mathematical formulations, solution
methods, and exact approaches. Key findings highlight
significant progress in solving complex facility location
problems through advances in mathematical programming,
scalable exact methods, and hybrid metaheuristics. Emerging
trends such as uncertainty modeling, multi-objective
optimization, and sustainability are also discussed.
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1. Introduction

Facility Location Problems (FLPs) have long been a crucial area of study in logistics and supply
chain management. These problems focus on determining the optimal placement of facilities to
minimize costs and maximize efficiency in distribution networks. This paper comprehensively reviews
recent advancements in FLP research, highlighting key models, solution methods, and practical
applications.

The primary objectives of this study are:

— To analyze contemporary approaches to solving various types of FLPs, including
uncapacitated and capacitated models.

— To examine the evolution of solution methodologies from classical algorithms to
modern metaheuristic approaches.

— To discuss the practical implications of FLPs in the context of supply chain
management and logistics.

This review is structured as follows:

First, we explore the Uncapacitated Facility Location Problem (UFLP), discussing its formulation
and solution methods. Next, we investigate the Capacitated Facility Location Problem (CFLP) and its
variations. Special attention is given to the Single Source Capacitated Facility Location Problem
(SSCFLP). Finally, we present an overview of fundamental mathematical models for FLPs, including
median problems, center problems, and covering problems.

By providing this comprehensive overview, we aim to offer researchers and practitioners a
thorough understanding of current research in facility location problems, emphasizing their importance
for effective decision-making in logistics, manufacturing, and distribution networks.

2. Literature review
2.1. Uncapacitated facility location problem (UFLP)

Facility Location Problems (FLPs) have been a central topic in logistics management, with
significant advancements in optimizing warehouse and distribution networks. With an emphasis on the
Uncapacitated Facility Location Problem (UFLP) and its variants, this paper offers a thorough literature
overview of current model advancements and improvements in FLPs. The goal is to highlight essential
approaches, effects, and contributions that have influenced recent supply chain management research
and real-world applications. Kuehn & Hamburger (1963) compared their heuristic computer program
for warehouse location with recently published attempts to solve the problem through simulation or a
variation of linear programming (LP). Using the LP relaxation of the problem as a foundation,
Erlenkotter (1978) created dual-ascent and dual-adjustment, two of the earlier bounding approaches. A
dual-ascent algorithm for the Lagrange dual problem, which is obtained by loosening constraints, was
developed by Guignard (1988). A universal 0-1 formulation for UFLP was solved optimally by Galvao
and Raggi (1989). This three-stage approach, which consists of the Branch Bound (BB) algorithm, a sub-
gradient optimization to solve a Lagrangean dual, and a primal-dual algorithm, solve considerable
problems in realistic processing times. Goldengorin et al. (2004) proposed a technique to enhance the
performance of BB algorithms. The new algorithms that are produced are called branch and peg
algorithms, where "pegging" is the process of giving values to variables that are not part of the branching
process. Sun (2006) developed the Tabu Search (TS) heuristic approach to solve UFLP. Hansen et al.
(2007) applied the Variable Neighbourhood Search Metaheuristic (VNSM) to the primal simple plant-
location drawback (SPLP) and to a reduced dual that is derived by exploiting the complementing
negligent requirements in order to solve some extremely large-scale Euclidean examples.

The multi-level UFLP was examined by Kratica et al. (2014), and a novel mixed integer linear
programming (MILP) formulation is provided. The experimental findings are applied to fabled cases
from the literature. A discrete variant of Unconscious Search (US) was proposed by Ardjmand et al.
(2014), which minimized the psychoanalyst's attempt to access the unconscious of a person with a
mental health condition in order to uncover the underlying cause of the patient's drawback, which is
encapsulated in state of mind. In addition to lower- and upper-bounding processes in BB, Letchford, and
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Miller (2014) awarded associate degree aggressive reduction themes incorporating four distinct
reduction rules. Based on Klabjan's generator sub-additive function, Monabbati & Kakhki (2015)
introduced a sub-additive dual ascent method to determine an ideal sub-additive dual function.

This review highlights the evolution and diversification of methodologies in tackling UFLP,
illustrating the ongoing innovation and refinement of techniques in facility location optimization. The
insights gathered underscore the importance of these models in supporting effective decision-making
in logistics, production, and distribution networks.

2.2. Capacitated facility location problem (CFLP)

The Capacitated Facility Location Problem (CFLP) is a classic optimization challenge that aims to
determine the best locations for facilities while considering capacity constraints and minimizing total
costs. A degree of economic heuristic approach known as the capacitated warehouse (plant) location
problem was first presented by Khumawala (1974) to determine a specific type of mixed whole number
programming disadvantage and for the determination of large-scale CFLP, Geoffrion & McBride (1978),
Nauss (1978), Christofides & Beasley (1983), Pirkul (1987), and Shetty (1990) examined Lagrangean
Relaxation (LR) of the demand constraints with or without the addition of an aggregate capacity
constraint or associate surrogate constraint. An SFLP and a minimal price network problem are the two
problems that the algorithmic software solves. LR approaches are used to create lower bounds on the
optimum objective value, and this associate degree unvaried procedure is applied to solve the problem.
By altering the Lagrange resolution to reinstate feasibility, upper constraints on the ideal objective value
are acquired. Nevertheless,

Magnanti and Wong (1981) suggested a method for enhancing Bender's decomposition
performance in mixed integer applications. For CFLP, Jacobsen (1983) created the generalized
heuristics known as ADD/DROP, SHIFT, ALA, and VSM (Vertex Substitution Method). According to
Domschke and Drexl (1985), ADD heuristics usually provide poor-quality responses. They talked about
a few fundamental strategies to get past this barrier. Van Roy first presented an application of the cross-
decomposition approach for CFLP resolution (1986). This method involves consecutively addressing a
transportation problem and an SPLP and combining Benders Decomposition and LR into a single
framework.

Doong et al. (2007) combined genetic algorithms and sub-gradient techniques in a hybrid method.
To calculate the best solutions to the CFLP, Klose and Goértz (2007) used a (stabilized) column generation
method and the column generation procedure within a branch-and-price algorithm. Sambola et al.
(2011) evaluated two distinct recourse acts and structured the problem as a two-stage stochastic
program. Fuzzy c-means and convex programming are used in a method that Kucukdeniz et al. (2012)
presented for a fuzzy c-means clustering algorithm. Rahmani and MirHassani (2014) developed a novel
hybrid optimization technique called the Hybrid Evolutionary Firefly-Genetic Algorithm, inspired by the
social behavior of fireflies and the phenomenon of bioluminescent communication. This approach
combines the traditional Genetic Algorithm (GA) with the independent Firefly Algorithm (FA).

An effective evolutionary multi-objective optimization method for the CFLP was designed by
Harris et al. (2014) to solve large instances while taking flexibility into account at the allocation level,
where financial costs and CO2 emissions are taken into account simultaneously. In order to optimize
two objective functions, "Minimum cost" and "Maximum qualitative factors benefit" within a four-stage
supply chain network (suppliers, plants, distribution centers, and customers) in the presence of
vagueness, Ozgen & Gulsun (2014) combined a two-phase possibilistic LP approach with a fuzzy
Analytical Hierarchical Process (AHP) approach. The first Fully polynomial time approximation method
(FPTAS) for the single-sink (single-client) CFLP was provided by Aardal et al. (2015). Then, by reducing
it to a set of transportation issues, they demonstrated that the problem is solved in polynomial time if
the number of clients is kept constant.

2.3. Single source capacitated (Multi) Facility Location Problem (SSCMFLP)
Discrete facility location issues might be considered as a specific case of CFLP. Much research

interest is found in the literature devoted to the Source Capacitated (Multi) Facility Location Problem
(SSCMFLP). Two heuristic solution techniques and the BB algorithm were provided by Nagelhaut and
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Thompson (1980) to solve single-source transportation issues. The SSCFLP is reformulated as a set
partitioning problem by Neebe and Rao (1983). They devised a branch-and-price method and a column-
generating strategy to tackle it.

Klincewicz and Luss (1986) described an algorithm for LR heuristics. The well-known dual ascent
strategy can be used to solve the uncapacitated facility locating issue, which is obtained as a subproblem
by relaxing the capacity constraints. After studying SSCFLP in 1988, Darby-Dowman et al. recommended
utilizing LR with loosened capacity limitations. In 1993, Sridharan presented a heuristic based on an LR.
Tranganlaterngsak et al. (1997) introduced the facility location problem, which has two layers of
facilities. Because of their limited capacity, only one facility in the first echelon can supply all the facilities
in the second echelon. The method proposed by Ronngvist et al. (1999) is based on a repeated matching
algorithm that, in essence, solves a sequence of matching problems until specific convergence
requirements are met.

Restricted neighborhood search was integrated with LR by Hindi and Pienkosz (1999).
Nevertheless, Tragantalerngsak et al. (2000) suggested an LR-based BB method to solve the problem.
To get the bottom bounds for this problem, Cortinhal et al. (2003) employed an LR. Lagrangean
heuristics, search strategies, and one TS metaheuristic are used to provide upper bounds. The kernel
Search heuristic approach was expanded to general Binary Integer Linear Programming (BILP)
problems and applied to the SSCFLP by Guastaroba and Speranza (2014). The problem was solved by
Dantrakul et al. (2014) using three different approaches: the p-center algorithm, the PM algorithm, and
the greedy algorithm. SSCFLP was examined by Bieniek (2015) using a broad stochastic identically
distributed model. A deterministic comparable formulation of the model is offered, and they have
identified a unified a priori solution for both the facility locations and the customer allocation to the
running facilities.

2.3.1. General Mathematical Formulation for Single Source Capacitated (Multi) Facility
Location Problem (SSCMFLP)

Let Jo={1,..,m} be a set of consumers and ly={1,..,n} be a collection of possible locations. Every
customer (j) has a corresponding demand (wi) that needs to be met by a single facility. Only a limited
number of predetermined locations are allowed for facilities on an aircraft, and the overall demand that
a facility at a site may provide is limited. Both the fixed costs fi for opening a facility at location i and the
costs cij of meeting a customer's demand from a facility created at location i are known.

It should be noted that the distances values between customers and facilities situated at potential
sites are embedded in supplying costs c;; Let

x; = x;=1, if customerj is assigned to a facility located at i
xi; = 0, Otherwise
y; = yi=1, ifafacility is located at candidate site i

yi=0, Otherwise
Then, SSCMFLP can be mathematically stated as Holmberg et al. (1999);

Min Z Z (cij i) + Z (fiy;) = 0 (1)
. j€Jo 1€l
1€l

Subject to
z (W]XI] < Siyi) =0 Vie IO (2)
i€Jo
(=1 Vijel, 3)
iel,
xij €{0,1}, Viel, ,Vj€]J, (4)

The goal functions determine the total transportation for a single-source assumption FLPs (1).
While limitations (2) guarantee that no facility's capacity is exceeded, constraints (3) ensure that each
customer must be served from a single facility.
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3. Methodology

This study employs a comprehensive literature review approach to analyze recent advancements
in facility location problems. The research process involved several key steps:

Literature Search: We conducted a systematic search of academic databases, including Web of
Science, Scopus, and Google Scholar. Keywords used in the search included "facility location problem,"
"capacitated facility location," "uncapacitated facility location," and "single source capacitated facility
location." The search was limited to papers published in the last two decades to focus on recent
developments.

Selection Criteria: Articles were selected based on their relevance to the research questions,
methodological rigor, and impact in the field. We prioritized peer-reviewed journal articles and
conference proceedings from reputable sources.

Data Extraction: For each selected article, we extracted information on the problem formulation,
solution methods, key findings, and practical applications. Special attention was given to novel
approaches and significant improvements over existing methods.

Synthesis and Analysis: The extracted data were synthesized to identify trends, patterns, and gaps
in the current research. We categorized the literature based on problem types (e.g., UFLP, CFLP,
SSCMFLP) and solution approaches (e.g., exact methods, heuristics, metaheuristics).

Comparative Analysis: Where possible, we compared the performance of different solution
methods across similar problem instances to provide insights into their relative effectiveness.

Critical Evaluation: We critically evaluated the strengths and limitations of various approaches,
considering factors such as computational efficiency, solution quality, and applicability to real-world
scenarios.

This methodology allowed for a comprehensive and objective analysis of the current state of
research in facility location problems, providing a solid foundation for identifying future research
directions and practical implications.

4. Results
4.1. Facility location models

This section presents the most widely used mathematical models for FLPs. The models are defined
in a separate location space that includes a collection of demand points (clients) with corresponding
weights and a set of possible locations for the new facility that has to be built. Determine the distance,
in some way, between client I and potential facility J.

4.1.1. Median problems

The goal of the p-median problem is to minimize the weighted sum of the distances between a set
of demand sites and p facilities that need to be opened. The problem has been characterized in the
literature in a number of various ways, and its uses have ranged from data mining applications (Ng &
Han, 1994) to the location of industrial plants, warehouses, and public amenities (Revell & Eiselt, 2005).

In the model, there is an important assumption that we have to locate exactly p facilities; it is a
situation closest to the practice when we know, for example, a budget constraint for the quantity of
facilities to find. The other important consideration is that the customers will be nearest the closest
facility.

As a result, we typically introduce the following notations, which are standard for the three
suggested models:

I = set of demand points,

] set of possible locations for the facilities,

d; = distance between customer i and potential facility j,

p = total number of facilities to be located,

h; = weight associated with each demand point (demand or number of customers).

We defined allocation of decisions, namely which facility (j) satisfies the demand of customer (i),
through the following x-variables:
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x;=1, if demand point i is allocated to facility j

x;=0, otherwise V 1i,j€]

and location decisions are represented with

yii=1, if afacility is located at point j

yi=0, otherwise V jE€]

The model continues in the following form in the formulations published by Hakimi (1964) and
Revelle & Swaim (1971).

Min z hi dl] Xij
i€l jeJ,

Such that
Z xj=1 Viel, (6)
i€l
(xij < yj) Viel,Vje], i #]j (7)
Z. yj =P (8)
i€,

Constraint (6) guarantees the allocation of all demand points. Constraint (7) ensures that a point
is only allocated if it is a plant. The number of plants is fixed at p by constraint (8). According to
constraint (9), every variable has a binary value. Since Kariv and Hakimi (1964) categorized it as NP-
hard, many methods and meta-heuristic approaches are available in the literature to solve it. These
approaches search for a better solution, sometimes the optimal solution, when a large number of
demand points and facilities characterize the problem.

In addition to reviewing classical and meta-heuristic approaches, Mladenovic et al. (2007)
provided a thorough overview of heuristic approaches for median problems, including an essential
indication of the instances used to evaluate them in the literature. As for the specific approach, we could
point to the groundbreaking studies of Galvao & Raggi (1969) and Beasley (1969), among others.

Numerous extensions exist for the problem as well, such as the capacitated form that was studied
by Mulvey & Beck (1984) and more recently by Lorena & Senne (2004), or the generalized version
known as the Multi-Weber problem (Cooper (1963), Cooper (1964)), which has more than one type of
facility. Another well-known model, the Simple Plant Location Problem (Erlenkotter, 1978), similarly
uses the MiniSum objectives. In this model, the problem variable is the number of facilities to be set.

4.1.2. Center Problems

P-center problems are a significant set of problems strongly related to MiniMax problems.
Reducing the maximum distance between demand and its closest facility is the aim of the p-center
problem. Unlike the preceding class, we now aim to reduce the distance between a facility and a demand
point rather than just the greatest distance between a demand point and its closest facility.

The problem can be stated as follows: using the same variables from the previous instance and
designating with "D" the maximum distance between a demand node and the nearest facility. Hakimi
(1964) proposed, Min D

Such that,

Z x;=1 Viel, (10)
jel,

(xij < yj) VieEl,Vj€], i#]j (11)
. yi=p (12)
J€l,

jel,
xij, yj €{0,1}, Viel ,Vje€] (14)

Reducing the maximum distance between every demand node and the nearest facility is the goal
function. The p-median problem and constraints (10) to (12) are the same. The maximum distance
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between any demand node i and the nearest facility j is specified by constraint (13). Constraints (14)
represent binary constraints about the decision variables. We call to an issue as Absolute Center
Problems Hakimi (1964) if the number of services to be located equals 1. In some cases, at every demand
purpose is also associated with a weight Daskin (1995), and the objective function becomes:

If the locations of the facilities are restricted to the network's nodes, a vertex center problem could
be the cause. Daskin (1995). For instance, Burkard and Dollani (2007) formalized a 1-center problem
on a network with positive and negative vertex weights. The goal of the problem is to minimize a linear
combination of the maximum weighted distances between the center and the positive and negative
weighted vertices. Ozsoy and Pinar (2006) first presented the facility's capacity limitations. It aims to
find the minimum number or cost of facilities required to meet each demand point. Furthermore,
changing the covering notion in a variety of ways results in a variety of covering difficulties. Next is
backup coverage, which requires numerous open facilities to accommodate demand. (Jayarathna, 2024,
Jayarathna & Jayawardene, 2019; Jayarathna et al,, 2019 a,b; Jayarathna, et al. 2020, 2021a, 2021b,
2021c; Nilukshika et al., 2018). They optimized the demand covered by at least two facilities and those
covered by the facilities.

Furthermore, center models can define a wide range of applications. Biazaran and SeyediNezhad
(2009) provided an overview of the options for locating computer network services, such as data file
placement, and emergency services, such as hospitals and fire stations, but also within the distribution
system, or for military purposes and public facilities like parks, post boxes, and bus stops.

4.1.3. Covering Problems

One of the traditional goals of location modeling is "coverage," which guarantees that every
customer is "covered,” or attended to by a specific facility if their distance from one another is less than
a predetermined threshold or required distance. The p-Maximal Covering Location Problem is the name
of the first model of this kind that was put up by Church and ReVelle (1974).

It consists of locating facilities which will cover the highest amount of demand.

The proposed formulation and model are as follows.

zi=1, if customeriis covered by some facility

zi= 0, otherwise vV i€l
A possible formulation for the p-Maximal Covering Location Problem is:
Max Y ier, (hi(z) (15)
Such that
Z yj=z Vi€l (16)
j€l,
. yi=p (17)
i€l
zi, yj €{0,1}, Viel ,Vj€] (18)

Constraint (16) ensures that an open facility can only cover a single point. The quantity of plants
is fixed at p by constraint (17). According to constraint (18), every variable has a binary value.

The most significant Set Covering Location Problem was first presented by Hakimi (1964) and
reformulated as integer programming by Toregas et al. (1971). Its goal is to determine the minimum
number or cost set of facilities necessary to cover each demand point. Furthermore, various covering
problems arise from varying the covering notion in various ways. Next is the backup coverage, where
multiple open facilities are needed to meet demand spots. In his approach (Storbeck (1982); Jayarathna
etal,, 2018; Jayarathna, 2019; Ganepola et al., 2018; Dias et al., 2018; Perera et al., 2018; Abeywardena
et al,, 2018) optimized the demand covered by a minimum of two facilities in addition to the demand
covered by the facilities themselves. Furthermore, Daskin et al. (1988) created a tangle in which only
backup coverage ought to be optimized.

The concepts of gradual or partial coverage were first presented by Church and Roberts (1984)
and Karasakal (2004). Each facility has two covering radii: a minimum and a maximum. Demand points
that fall inside the minimum radius are regarded as fully covered, while those between the two radii's
defined circles are regarded as partially covered.
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5. Discussion

This comprehensive review of recent advances in facility location problems reveals several key
trends and insights that merit further discussion.

Firstly, the evolution of solution methodologies for uncapacitated facility location problems
(UFLP) demonstrates a clear shift towards more sophisticated algorithms. While earlier approaches
relied heavily on linear programming relaxations and branch-and-bound methods, recent years have
focused more on metaheuristic techniques such as Tabu Search and Variable Neighborhood Search. This
trend reflects the growing complexity of real-world facility location scenarios and the need for more
flexible, scalable solution approaches.

In the realm of capacitated facility location problems (CFLP), the research shows a persistent
interest in Lagrangean relaxation techniques, often combined with other methods to improve solution
quality. The emergence of hybrid approaches, such as the combination of genetic algorithms with
subgradient techniques, indicates a recognition that no single method is sufficient for addressing the
multifaceted nature of CFLPs. Moreover, introducing fuzzy logic and multi-objective optimization into
CFLP models suggests an increasing awareness of the need to account for uncertainty and multiple, often
conflicting, objectives in real-world decision-making processes.

The literature on single-source capacitated facility location problems (SSCFLP) reveals a similar
trend toward hybridization of methods. The integration of Lagrangean relaxation with neighborhood
search techniques, for instance, demonstrates an attempt to balance the global exploration capabilities
of relaxation methods with the local search efficiency of heuristics. The application of these problems to
multi-echelon supply chain networks further underscores the growing complexity of facility location
decisions in modern logistics systems.

A notable observation across all problem types is the increasing emphasis on developing methods
capable of handling large-scale instances. This trend aligns with the growing size and complexity of
global supply chain networks, where decisions about facility locations can have far-reaching impacts on
operational efficiency and cost-effectiveness.

The review of mathematical models for facility location problems highlights the enduring
relevance of classical formulations such as p-median and p-center problems. However, the literature
also shows a growing interest in more nuanced models incorporating partial, backup, and gradual
coverage. These developments reflect an attempt to create more realistic models that can capture the
subtleties of real-world facility location scenarios.

Despite these advances, several challenges remain. The computational complexity of many facility
location problems, particularly as instance sizes grow, remains a significant hurdle. While heuristic and
metaheuristic approaches offer promising solutions, there is still a need for methods that can provide
optimal solutions for large-scale problems within reasonable computational time.

Furthermore, integrating facility location decisions with other aspects of supply chain
management, such as inventory control and vehicle routing, remains an area ripe for further research.
While some studies have begun to address these integrated problems, there is still much work to be
done in developing comprehensive models and efficient solution methods for these complex,
interdependent decisions.

Another area that warrants further investigation is incorporating sustainability considerations
into facility location models. As organizations increasingly prioritize environmental and social
sustainability alongside economic objectives, there is a growing need for models to balance these often
conflicting goals in facility location decisions.

In conclusion, while significant progress has been made in developing sophisticated models and
solution methods for facility location problems, there remain ample opportunities for further research
and innovation. As supply chains continue to evolve and face new challenges, the importance of efficient
and effective facility location decisions will likely grow, underscoring the ongoing relevance of this study
area.

6. Conclusion

The distribution cost is the primary logistical expense that has the biggest influence on an
organization's entire cost structure. One of the most crucial things to enhance the operation is setting
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up the vehicles and routes. The Vehicle Routing Problem thus constitutes an essential part of supply
chain management to boost organizational efficiency through the successful and efficient delivery of
goods and services to customers. The paper's purpose was to survey the latest developments in the
Vehicle Routing Problem (VRP) and its variations. The literature has been reviewed under the following
headings: Hybrid methods, heuristic approaches, exact methods, and meta-heuristics. Additionally, a
thorough discussion of the contributions made to the field by many researchers has been held. The
research examines the fundamental concepts of location theory and its complex applications in various
domains, including distribution planning systems, network architecture, and supply chain management.
Although the majority of the literature has focused on inventory control within the warehouse while
taking into account small applications of travel plans without having an overall plan, it is meant to assist
young researchers in creating solutions to address the problem of transportation from the warehouse
to mini-hubs and from them to the retailers.

This comprehensive article has underscored the critical role of the Vehicle Routing Problem (VRP)
in optimizing logistics and supply chain operations. Given the significant impact of distribution costs on
an organization’s overall expense structure, VRP and its variations have become indispensable in
designing efficient vehicle routes and schedules. By integrating VRP into supply chain management
strategies, companies can improve service delivery, minimize operational costs, and enhance the overall
efficiency of their logistics systems. This review examined various solution methodologies, including
hybrid methods, heuristics, exact methods, and metaheuristics, showcasing how these approaches have
enabled tackling increasingly complex VRP instances. Practically speaking, the models and techniques
that have been studied provide valuable insights for actual applications in both the public and
commercial sectors. In order to ensure the timely and economical delivery of goods, these solutions are
essential for creating effective distribution systems that control transportation from warehouses to
mini-hubs and from hubs to retailers. In order to create thorough optimization frameworks that account
for the interdependencies in intricate supply chain networks, the research also highlights the
significance of combining VRP with other logistics and supply chain decisions, such as facility location
and inventory management. Creating increasingly complex mathematical programming methods,
effective heuristic strategies, and potent metaheuristic algorithms are some significant developments.

These techniques have improved the scalability of VRP solutions, allowing for the resolution of
more significant and intricate problem instances. Hybrid methods, which combine mathematical
programming with heuristic approaches, have successfully provided flexible yet robust solutions. From
a research perspective, the review identifies several promising avenues for future exploration. First,
there is a growing need for comparative studies that systematically evaluate different models and
solution methodologies across various problem instances and real-world datasets. Such studies would
provide valuable benchmarks and guidance on the best algorithms and models for specific VRP
applications. Second, integrating VRP models with related optimization problems, such as facility
location and network design, presents an opportunity to develop holistic frameworks capable of
addressing multiple layers of decision-making in supply chain systems. Additionally, incorporating
uncertainty, dynamic environments, and multi-objective considerations into VRP models remains an
active and expanding area of research. These factors better reflect real-world conditions where routing
decisions must adapt to changing demands, traffic conditions, or unexpected disruptions. Research in
this area is crucial for developing more adaptive and robust solutions.

Another emerging trend is the growing availability of data and advancements in computational
power, which open the door for data-driven approaches to VRP. By leveraging large datasets and
integrating machine learning techniques, researchers and practitioners can develop more adaptive,
predictive, and scalable solutions for complex, real-time routing problems. Additionally, advanced
visualization and decision support tools will play a key role in helping stakeholders interpret and
implement VRP solutions effectively. In conclusion, the progress made in solving VRP and its variations
over the past decade is substantial, with significant implications for theory and practice. The ability to
solve large-scale, complex VRP instances and integrate them into broader supply chain management
frameworks has the potential to revolutionize logistics and transportation systems. However, as the
field continues to evolve, fostering collaboration between researchers and industry practitioners is
essential. This collaboration will drive the development of innovative models and methods that address
the complex challenges posed by real-world logistics, ensuring that future VRP solutions are efficient,
scalable, and adaptable to the dynamic and uncertain nature of modern supply chains.
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