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Resumen

El problema de la recoleccién de residuos sélidos es uno de los principales inconvenientes presentes
en cualquier asentamiento humano, el cual consta de dos procesos: el primero, la recolecciéon de
residuos, y el Ultimo, la entrega de los residuos a las entidades recicladoras o puntos de destino final.
El modelado de este tipo de problema de recoleccién puede abordarse desde la perspectiva de los
modelos VRP, dependiendo de las restricciones presentes en cada drea geografica donde se aborda.
Asi, esta investigacién aplicada a la problematica de los centros urbanos, propone un andlisis del
estado del arte, los diferentes problemas de recorrido relacionados y los aportes mas recientes
relacionados con la recoleccién de residuos sélidos.

Palabras clave: VRP, VRPPD, VRPB, Recogida de residuos, ARP

Abstract

The problem of solid waste collection is one of the main inconveniences present in any human
settlement, which consists of two processes: the first one, waste collection, and the last one, the
delivery of waste to recycling entities or final destination points. The modeling of this type of collection
problem can be approached from the perspective of VRP models, depending on the constraints
present in each geographic area where it is addressed. Thus, this research applied to the problem of
urban centers, proposes an analysis of the state of the art, the different related routing problems and
the most recent contributions related to solid waste collection.
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INTRODUCTION

Waste collection routing models can be mainly classified into two types; the first of them, based on
Arcs, and the second, based on Nodes. The main difference between them lies in which element of the
network will be responsible for carrying the value of customer demand. In this way, the ARP and VRP
models arise, respectively.

Since this research is the prelude to a project based on a VRP model to solve a waste collection problem
classified as CVRPPD, the state of the art will be more oriented towards VRP models, without losing
sight of their ARP counterpart models.

In this problem, there is a set of restrictions that prevail throughout the system, such as a
heterogeneous fleet of vehicles with different load capacities, nodes with and without service window
periods, coupled with the uncertainty of collapse events of nodes and edges caused by demonstrations,
road closures, unexpected closure of service nodes for product recycling, among others. These
characteristics frame the problem as a Vehicle Routing Problem (VRP).

The following research will show the different solution techniques, as well as a general description of
the problem.

Routing problems

In order to address the problem of collecting, it is necessary to mention that there are two possible
approaches that can be used when modeling this type of problem. The first of them, the models based
on the Arc Routing Problem or ARP; and the second, the Vehicle Routing Problems or VRP.

ARPs can be defined as a network G=(V,E); where the set V={1,2,3,..,n} is the entire set of nodes that
make up the network; and the set E={e_1,e_2,e_3,...,e_m } the set of all the arcs; in such a way that e_ij
represents a path between a node i and a node j, where (i,j)€V. In turn, to each arch e€kE it can be
assigned a demand value d_e=0. Similarly, to each arch e€E, a cost can be added. c_(e ), for everything
e€E. There is a one-to-one set of vehicles K={1,2,3,...k} with a specific capacity Q which should not be
exceeded. The objective of this type of model will be to meet the total demand required by each of the
arches, at minimum cost.

Just like ARP, VRP models can also be defined as a network ¢ = (V, E); wherethe setV = {1,2,3,...,n} U
{0} is the entire set of vertices that make up the network and the vertex {0} represents the Central
Depot; and the set of edges E = {elz, €13, eij}, where the edge e;; represents the union between a node
i and a vertex j for all (i,j) € V,i # j. To each arc e;; € E, a cost c;; is assigned which represents the
distance between a node i and a node j belonging to V. To each node i € V a demand value d; = 0 is
assigned, where d, = 0. Similarly, there is a set of vehicles K with similar characteristics and a capacity

Q which may not be exceeded, i.e., ). i..i d; < @,. The objective of the model will be to meet all customer
demand, without exceeding the capaC|ty of the vehicles (Laporte, 2009; Mohammed, Mohd Khanapi
Abd Ghani, et al., 2017). Each route ¥ performed by a vehicle k € K is made up of a set of nodes
{v,,v,,v3 ..., v, } and starts and ends at the central warehouse, in this case identified by node v, (Laporte,
2009; Maximo & Nascimento, 2021; Mohammed, Mohd Khanapi Abd Ghani, et al., 2017). The authors
(Maximo & Nascimento, 2021) define a VRP solution, as a set of routes © = {t{,74, ..., 77}, where each
route ¥ = {vi, v}, .. v,in } in such a way that m; is the size of the route =¥, v§ = v}, =0y 1/ n7} = {0},
where i # jand U, zf = V.

If these two definitions are considered, it can be seen that the main difference between a VRP and an
ARP lies mainly in which element of the network certain restrictions will be assigned; for example, in a
VRP, the demand can be assigned to a node, while, in an ARP, it must be located on the arc.
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The classification shown in Figure 1 is developed from nodes and arcs, based on (Corberan et al., 2021;
Eglese & Letchford, 2000; Policroniades & Flores de la Mota, 2016). However, in (Belién et al., 2014),
another topology can be found from the elements that make up the collection system.

Depending on the context of the system, there may be constraints that involve some combination of
these base models; that is, there could be a Chinese postman model, trained with stochastic time
windows, or with stochastic arcs, among many other possible combinations. Load restrictions and load
arrangements can be added to these combinations, as shown in Figure 1.
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Figure 1
Topological classification of VRP and ARP problems
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ARP models, like VRP, can be classified as NP-Hard models (Eglese & Letchford, 2000), indicating their
high level of computational complexity required to find a good solution. This complexity has turned the
interest of modelers towards more efficient solution techniques, such as heuristics, metaheuristics, or
hybridization techniques, each with its advantages and disadvantages. On the other hand, exact
techniques usually require a long execution time during their exploration process through a feasible
region with the aim of offering an exact global solution.

Below, each of the two aspects and their relationship to the waste collection problem will be addressed
in general terms.

ARC routing problem

The ARP models, as indicated in (Corberan et al., 2021) showed a surge of interest starting in the 1980s,
when their use in urban routing problems became popular, mainly used for street cleaning or waste or
snow collection systems, where each arc is assigned a certain amount of product that must be
collected as the vehicle travels through it. In other words, for example, in some countries or regions the
collection system consists of collecting waste from each of the homes along a street until the demand
of the arc or street has been covered.

In terms of ARP contributions, it is possible to identify the following:

In (Ghiani et al., 2005), an ARP is solved in phases; the first of them focused on the development of arc
clusters. The second phase aimed at route optimization, using a heuristic algorithm developed by
authors, which improves route performance by 8%. The authors (Del Pia & Filippi, 2006) developed an
algorithm Variable Neighborhood Descent VND to solve a real waste collection problem in northern
Italy classified as CARP. Their results showed a 20% improvement over another previously used
algorithm. In (Rodrigues & Soeiro Ferreira, 2015), two methods were proposed, the fisrt one a Mixed
Capacitated Arc Routing Problem with Heterogeneous Fleet, and the second one, a Mixed Capacitated
Arc Routing Problem with Limited Multi-Landfills (MCARP-LML) to resolve the real case of waste
collection in Mongé&o Portugal. In (Sgarro et al., 2024), a DCPP problem was solved by means of an ACO
algorithm, obtaining behavior similar to an exact algorithm designed for the problem. The authors (Tlili
et al., 2014) applied a hybrid algorithm between a TS and VNS to resolve a real case of mail delivery in
the Jendouba region, northwest of Tunisia. Their results were compared with those of the company
and obtained better performance, with savings between 27.47% and 31.5% on the route. In (Xin et al.,
2022), a problem Time-dependent rural postman problem (TDRPP) considering policies first-in-first-out
(FIFO) was solved by means of a GA algorithm, comparing its results with respect to an ACO and a VNS,
obtaining better performance. The authors (J. Li et al., 2021) developed a formal definition of the
Heterogeneous CPP problem.

The vehicle routing problem (VRP)

Vehicle Routing models can be described as problems consisting of a set of nodes and arcs; where the
main objective is to satisfy the demands of each customer by means of a set of routes assigned to one
or several vehicles, with similar or heterogeneous characteristics. Each of these routes has the
particular characteristic of starting and ending at the same node (Laporte, 2009; Policroniades & Flores
de la Mota, 2016; Torres Matus, R., 2005).

The VRP, first introduced by Dantzig and Ramser in 1959, has evolved over time by adding multiple
features and constraints that allow it to be adapted to virtually any real-life routing problem [6]. These
adaptations are mainly governed by the complexity of the models and reality, which are classified as
NP-Hard models within combinatorial optimization, indicating their high complexity in order to obtain a
solution (Alweshabh et al., 2022; Berhan et al., 2014; Gendreau et al., 1996; Mohammed, Mohd Khanapi

LATAM Revista Latinoamericana de Ciencias Sociales y Humanidades, Asuncion, Paraguay.

ISSN en linea: 2789-3855, febrero, 2025, Volumen VI, NUmero 1 p 2712




REVISTA LATINOAMERICANA DE CIENCIAS SOCIALES Y HUMANIDADES

Abd Ghani, et al., 2017; Policroniades & Flores de la Mota, 2016; Solomon, 1987). In (Policroniades &
Flores de la Mota, 2016) and (Berhan et al., 2014) it is possible to find a detailed description of the
different routing models, both stochastic and deterministic, as well as of their certain variants that will
not be studied in this work.

In the last decade, a new type of VRP model called VRP Rich has emerged, which mixes the traditional
constraints of a VRP with other real-life constraints that give models the ability to solve problems with
greater complexity and uncertainty. that are commonly faced by traditional problems (Lesch et al.,
2022).

The VRP over time, since its origins, has been applied to multiple real-life and academic problems that
have helped to increase its taxonomy and complexity, as mentioned in (Braekers et al., 2016). In
addition to these developments, one can inherently identify the computational evolution linked to the
solution models. As previously mentioned, an Exact algorithm will require a greater computational
effort to exhaustively review all the possible solutions and show the one with the best characteristics.

Table 2

Classification of the models analyzed

Model Type Source

VRPTW (Aggarwal & Kumar, 2021; Boudali & Ragmoun, 2022; Chen & Shi, 2019;
Dhabhri et al., 2016; Ferreira et al., 2018; Mazzuco et al., 2018; Neves-Moreira
et al., 2018; Subramanyam et al., 2018; Suppan et al., 2022; Torres-Tapia
et al,, 2022; Y. Wang, Wang, et al., 2019)

VRPPD (Belgin et al., 2018; Dominguez et al., 2016; Y. Li et al., 2016; Liu & Jiang,
2022; Segura et al., 2022)
VRP With | (Bevilaqua et al., 2019; Brand&o, 2009; Fachini et al., 2022; Salcedo-Moncada

heterogeneous  or | etal, 2023; Z. Wang et al., 2015)
homogeneous fleet

MDVRP (Alinaghian & Shokouhi, 2018; Bezerra et al., 2023; Ge et al., 2023; Gianessi
et al,, 2016; Karadeniz et al., 2022; wan et al., 2023; Y. Wang, Assogba, et al.,
2019)

CVRP (Ahkamiraad & Wang, 2018; Barrero etal., 2022; Bettinelli etal., 2014;

Bulhdes et al., 2018; Chiussi et al., 2022; Comert et al., 2022; Damiao et al.,
2023; Defryn & Sorensen, 2017; Elgharably et al., 2022; Fernandez Gil et al.,
2023; Hokama et al., 2016; Karagul & Sahin, 2023; Poonthalir & Nadarajan,
2019; Reil et al., 2018; Revanna & Al-Nakash, 2023; Rincon-Garcia et al., 2018;
Shai et al., 2022; Tarhini et al., 2022; Yelmewad & Talawar, 2021)
IRP (Hasni et al., 2017; Jafarian et al., 2019; Kumar & Munagekar, 2022)
VRP Cross-Docking (Baniamerian et al., 2019; Gunawan et al., 2022)
Open VRP (Brandao, 2018; Niu et al., 2018)
Rich VRP (Alcaraz et al., 2019; Kramer et al., 2019; Rabbouch et al., 2021)
Stochastic Arcs (Andreatta et al., 2016; Lombard et al., 2018; Miranda et al., 2018)

(

(

Stochastic Nodes Bianchi et al., 2006; Borisovsky, 2023; Mavrovouniotis et al., 2023)
Combination of the | (Aghighi et al., 2023; Goel et al., 2019)
previous

Table 2 show a brief general taxonomy of the VRP, based on (Policroniades & Flores de la Mota, 2016)
and (Braekers et al., 2016) including some contributions from recent years.

In (Arnold & Sorensen, 2019), They indicate that a solution can be evaluated based on two
characteristics. In this way, a solution can be evaluated from two main perspectives and the
combination of these two: the first one being the processing time, and the second, no less important
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than the first, the quality of the solution. Generally, in real life, a good or optimal solution is usually
sacrificed from the execution time of the algorithm in order to show a feasible or optimal solution; and
this is understandable, as there are other intangible factors that come into play at those times, such as:
On-time delivery, customer loyalty, among many others. In other words, time is money, and an algorithm
whose solution is delivered in two or three hours is not a viable option for a route designer who has only
a few minutes to define an entire delivery plan. This is where solution techniques such as
metaheuristics or simple heuristics are presented, which are focused on reducing the computational
effort, delivering the best possible solution in the shortest possible time. At present, as will be seen in
the state of the art, these metaheuristic solutions can be compared satisfactorily with exact techniques.

Thus, it can be said that routing problem solving methods are mainly divided into heuristic,
metaheuristic, exact, and hybrid techniques (Elshaer & Awad, 2020), where the latter may be a
combination of two or more of the previously mentioned techniques. However, (Maximo & Nascimento,
2021) indicate that exact techniques require more computational effort than metaheuristic techniques,
however, mechanisms that bring them closer to optimal solutions and drastically reduce processing
times have been developed recently.

The vehicle routing problem and the solid waste collection problem

In real urban VRP problems, networks are often exposed to unexpected events that can change
operating conditions at any time. One of the proposals that has brought complexity to routing models
is the use of Simulation-Optimization, which allows integrating stochastic aspects or events of higher
complexity to VRP or optimization models in general, merging these two approaches, as mentioned in
(Bierlaire, 2015; El-Gharably et al., 2013; Fan et al., 2009; Herazo-Padilla et al., 2015; Juan et al., 2013;
Policroniades Chipuli & Flores de la Mota, 2021). Another advantage of simulation is the ability to
generate different scenarios for case studies and decision making.

Linked to the VRP classification mentioned above, it is possible to find different aspects depending on
the restrictions associated with the nodes, arcs or vehicles that make up a distribution network, which
are mentioned in (Policroniades & Flores de la Mota, 2016) and (Mohammed, Ghani, et al., 2017). These
restrictions can be of the following type: time windows of attention, vehicle capacity, type of vehicles,
time periods, among many others that can be mixed as the complexity of the reality allows it.

With regard to urban VRP models, such as transportation or garbage collection systems, we have the
contributions of (Boudali & Ragmoun, 2022; Chen & Shi, 2019; Hasni et al., 2017) who identify the need
to integrate traffic status and route visualization by means of applications such as QGIS or Arc GIS or
maps to the transport models, in order to integrate a better understanding of the reality.

The authors (Segura et al., 2022) propose a Tabu Search algorithm for pickup and delivery in the city of
Trujillo, Peru. To test their algorithm, they only compare with respect to previous real instances the
solution to their algorithm (Chiussi et al., 2022) applied an iterative heuristic, which they compare with
mixed integer programming to solve a waste collection and delivery problem; despite not being able to
approach the optimal solution, they significantly improve the results of previously solved instances of
the waste collection system.

In (Mahéo et al., 2022), the authors proposed the location of collection points, managed as a kind of
inventory that must be emptied periodically so that people can continue to deposit their waste in them.
The authors (Minh et al., 2013) applied a Memetic algorithm by means of a multi-objective optimization
where they minimize the number of vehicles and the total route time, looking for new possible routes
to the waste dumps. In (Angelelli & Speranza, 2002) a Tabu Search algorithm was also used for waste
collection using vehicles with removable loading areas, giving the ability to load organic, inorganic or
other types of waste. Another important aspect of this study lies in the category of the VRP model as a
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PVRP model (Pick-up Vehicle Routing Problem) for the collection model, and a delivery model, or DVRP
(Delivery Vehicle Routing Problem) to deliver organic waste to the treatment plants. The authors
(Expdsito-Marquez et al., 2018) develop a GRASP algorithm for plastic and cardboard waste collection
process in Spain, improving the previous collection process. In (Rodriguez et al., 2021) was developed
a Hill Climber algorithm to solve a CVRP problem for garbage collection in three municipalities in Spain.
As previous authors, they improved the collection system. The authors (Valizadeh et al., 2021) solves
a real case of garbage collection in Iran, in the Kermanshah region, considering aspects of energy
consumption, carbon dioxide emissions. For its solution, an algorithm designed in GAMS was used.

A characteristic that prevails in each and every one of these models lies mainly in the waste collection
process, which is followed by a process of waste delivery to a recycling or processing center.

Heuristic and metaheuristic techniques applied to VRP

The following is a brief analysis of the state of the art of different models directly and indirectly related
to the problem under study.

In (Elshaer & Awad, 2020) and (Policroniades, G. et al., 2018) it is possible to appreciate how the most
likely method to solve vehicle routing problems is usually the one that applies metaheuristic techniques
and hybridizations between them, depending on the strength of each algorithm to be used, i.e.
diversification or intensification. The authors (Elshaer & Awad, 2020) develop a taxonomy of the
solution techniques.

In previous works, just to mention a few: in 2014, (Tlili et al., 2014) developed a hybrid algorithm
between a PSO and a VNS to Solve a Vehicle Routing Problem with Capacity and Distance Constraints
(DCVRP), obtaining good solutions when compared with respect to optimal results. In the year 2018,
(Vaferi et al., 2018) applied a two-phase solution technique to solve a VRP problem with Picking, where
for the construction stage, they use a Nearest Neighbor Search algorithm, and in the second phase a
Greedy Randomized algorithm. In their results, they obtain better solutions than other metaheuristic
techniques, and reduce execution times. The authors (Simsir & Ekmekci, 2019) developed an Ant
Colony algorithm to solve a VRP problem with simultaneous pickup and delivery VRPSDP; in their
results, it can be seen how they obtained practically the optimal values, with a percentage of deviation
GAP of 1.12%. (Solano-Charris et al., 2015) solved an CVRP spread by applying costs with uncertainty,
which they call VRP Robust by means of a Variable Neighborhood algorithm; they developed the
mathematical model and solved it in an optimal way to compare a set of instances created for this
purpose was solved. In (Alinaghian & Shokouhi, 2018), a VRP with multiple compartments was solved
by hybridization of an ALNS and VNS algorithm using the VNS algorithms for the intensification process
and the ALNS algorithm for the diversification process. In their results, they showed that the hybrid
algorithm obtains the exact solutions compared to the separately executed each technique. The
authors (Y. Wang, Assogba, et al., 2019) presented a hybridized algorithm in stages; first they use a
savings algorithm with 2-opt trade-offs to obtain the initial solutions, and then they use a Particle Swarm
algorithm to find the best possible solution.

In the year 2021, (Ban & Nguyen, 2021) proposed a hybridization between a (TS) algorithm, (VNS), and
a GRASP to solve a routing problem with an asymmetric distance constraint. The authors (Maximo &
Nascimento, 2021) developed a hybrid algorithm between an ILS and VNS to solve a CVRP and thus
avoid deadlocks in local optimal, where the VSN algorithm was used for the local search process.

In the year 2022, the authors (Lesch et al., 2022) applied GA, LS and ACO algorithms to solve a VRP
Rich applied to road freight transport in Germany, considering the following restrictions: Vehicle
capacity, dangerousness of the load, driver fatigue, attention windows, loading speed, among others.
In the end, they determined that the algorithms GA and LS got the best solutions. In (Voigt et al., 2022)
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a hybrid algorithm is showed using an ALNS and a GA applied to improve the first phase of individual
creation. [89] solved a VRP model with a heterogeneous fleet of pickup and delivery vehicles by means
of an Adaptive Variable Neighborhood Search algorithm for 150 customers; however, their algorithm
when compared to the optimal one showed a GAP of 64%. In (Salehi Sarbijan & Behnamian, 2022), it
was developed a hybrid algorithm between a PSO and an SA to solve a VRP Multifreight problem. Their
algorithm, in comparison with respect to an ACO, PSO and VSN, show better consistency and a lower
GAP with respect to the optimal value; they propose to use the PSO algorithm for the diversification
process.

In 2023, (Wu et al., 2023) resolved a VRPTW problem through an ACO algorithm and 2-opt exchanges.
For the comparison process, they used a TS algorithm, noting that the ACO, in all cases of comparison,
obtained a better level of performance. The authors (Rezaei et al., 2023) applied a hybridization CVRP
model, between a GA algorithm and an Imperialist Competition algorithm whose mechanism is similar
to a Genetic algorithm, demonstrating that this hybridization is able to compete with respect to other
algorithms shown in the literature. (Becker et al., 2023) applied a modification to a Local Search
algorithm using different types of exchanges in order to resolve a CVRP and compared its results with
respect to existing instances; their results showed an excellent performance of the algorithm in terms
of solution quality. The authors (Vieira et al., 2023) presented a solution for a VRP model with
heterogeneous fleet by means of a hybrid algorithm between an Adaptive Variable Neighborhood
Search and a Genetic one; their results competed with the optimal values, as good as the best-known
solution reported.

Based on the small sample collected in Table 2, it is possible to develop Graph 1, which shows the large
number of articles focused on solving the CVRP, compared to the other aspects of this same model.
Likewise, one of the most widely used techniques for solving routing problems is usually the
metaheuristic technique. The reason is due to the great computational complexity linked to this type of
models. An exploration process with an Exact algorithm when the number of nodes in the network
grows enormously becomes unfeasible by means of exact techniques. Other solution techniques that
tend to be used to a lesser extent, are the classical heuristics that during the search process can get
stuck in local optima.

Graphic 1

Number of papers of different VRP models versus solution technique
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Performing an update to the tables displayed in (Policroniades, G. et al., 2018) and analyzing each one
of the data based on the classification of (Brownlee, 2012) for the different metaheuristic techniques,
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it is possible to obtain graphic 2, which shows the number of articles according to the solution
technique used.

Graphic 2

Total articles analyzed
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It is important to note that the source is not mentioned; however, these statistics provide insight into
those solution techniques that are less explored. The sample size used for this analysis was 181
articles, between 2000 and 2023, as shown in graphic 3.
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Graphic 3

Number of Articles Focused on Classical Heuristic
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Graphic 4 shows the statistics concerning classical heuristic techniques, in which exchange heuristics
such as 2-opt or 3-opt are the most commonly used, in conjunction with savings heuristics as proposed
by Carl and Wright in their solution for the VRP.

Graphic 4

Number of Articles Focused on Stochastic Metaheuristics
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A characteristic of metaheuristic techniques based on stochastic aspects lies in the random factor
underlying their search process to provide a solution. Graph 6 shows some of the algorithms belonging
to this classification, of which, among the most commonly used for solving VRP models are the Tabu
Search (TS) algorithm and the Variable Neighborhood Search (VNS) algorithm. Another characteristic
of these techniques is that their search process starts from a known best solution, which by means of
trade-offs and specific parameters tends to converge to a global optimum.
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Graphic 5

Number of Articles Focused on Evolutionary Metaheuristics
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In terms of Evolutionary algorithms, as shown in graphic 6, they owe their origin to the concept of natural
evolution, transferred to the computational concept as Evolutionary Computation, which is mentioned
in (Zenil Chavez, 2005). One of the most commonly used Evolutionary algorithms to solve VRP models
are Genetic algorithms. These algorithms start their search process from a random initial population
which they improve by means of genetic operators such as recombination (intensification) and
mutation (diversification).

Graphic 6

Number of Articles Focused on Physical Metaheuristics
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Another large group of clearly known metaheuristic techniques are the metaheuristics based on
physical phenomena, as shown in graphic 7. These metaheuristics, like the stochastic ones, start from
a factible solution, which is analyzed and improved by specific methods until a global solution is
reached. For example, in the case of simulated annealing, a heating process is emulated until it reaches
a desired temperature at which the solution is expected to reach a local optimum.
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Graphic 7

Number of Articles Focused on Swarm Metaheuristics
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Swarm techniques have the particular characteristic of working with a random initial population of
solutions; in this case, each individual in the swarm seeks to improve the solution locally by being
attracted to a global solution that emerges as a consequence of the search of each individual in the
swarm. In the end, the best global solution will be selected. By working with a set of individuals, the
algorithm is allowed to walk away from local optima, since each of the individuals searches in a
different feasible region. One of the favorite solution methods for the VRP within this group of
techniques is the ACO algorithm, which is shown in graphic 9.

Last but not least, there are hybridization techniques, which seek to improve the weaknesses of one
algorithm through the strengths of another. In these terms, it is very important to know whether an
algorithm has a diversification or intensification strength, in order to know at what point in the search
process it should be used. Hybridization between metaheuristic techniques is among the most
commonly used methods. Graph 8 shows 30 articles in which this type of technique has been used.

Graphic 8
Number of Articles Focused on Hybridations

Number of Articles Focused on Hybridations
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In 2012, Brownlee (2012) developed a topological classification of the VRP. Based on this classification,
figures 5,6,7, and 8 are constructed. It can be seen that learning algorithms have not been highly
explored. In the brief collection of articles studied, no clear reference to any application of these
techniques to the solution of the VRP was identified.

The reader is encouraged to explore further to find possible contributions not identified in this paper.
The vehicle routing problem with pickup and delivery

The VRPPD is a subclass of the VRPB models. Within the VRPB classification, there are models in which
the collection can be performed in the following ways: 1). Simultaneous to the delivery process; 2).
Separated from the delivery process, with the delivery process being carried out first and the pick up
process following; and finally 3) where the process is similar to point 2); however, the pick-up process
is carried out firstly.

The garbage collection system shown in this state of the art proposes a separate collection and delivery
process for solid waste and can therefore be classified as type 3). In (Parragh et al., 2008a) this type of
problem is identified as a subclass of the VRPBs under the category of PDVRP.

In this way, the model can be defined as: undirected and complete network ¢ = (V,E), where V = VP u
VP2 u {0}, being {0} the central warehouse understood as the whole set of nodes that make up the
network G, and where V* represents the collection nodes and VV? indicates the delivery nodes. The set
E = E? U EPP can be visualized as the entire set of arcs linking all nodes within the network. Each of
these arcs is assigned a non-negative real value c;; which represents the cost of the path between a
node i and node j, where i,j € V.

A route r* assigned to a vehicle k € K, fulfilling the definition of a VRP, must start and end its route at

the central warehouse, which makes it necessary to define a route with the following set of nodes yrt =
VP u VP U {0}, where |V?| = 1 for each route ¥, and should always be located downstream of the
collection nodes. This concept is shown in Figure 2.

Figure 2

Schematic representation of a route
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As can be seen in figure 2, the model used for the collection and delivery of solid waste in CDMX is very
similar to the VRP models with Backhauls; the only difference is during the collection process, which is
carried out prior to delivery. Based on this assumption, the model can then be classified as a PDVRP.
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In (Parragh et al., 2008a) and (Parragh et al., 2008b) the state of the art and classification of the VRPB
models up to the year 2008 is presented. Table 2 shows some contributions from more recent years.
In addition, in (Marinakis et al., 2018) different mathematical models are found for the most popular
types of VRP, including VRPB and VRPPD. In (Doerner et al., 2016) it is mentioned that there is an
average of one to two articles per year for VRPPD models.

In terms of the VRPPD, the following contributions were identified: (Sukhpal & Kumar, 2023) solve a
VRPB problem with multiple compartments, for which they design a Branch and Bound algorithm to
find near optimal solutions. The authors (Subramanian & Queiroga, 2020) propose an ILS algorithm to
solve a VRP with Backhauls, proposing different solution options, among which are to first perform the
collection and delivery process together, or separately, finding that the separate process generates a
reduction in algorithm execution times. In (Kocat&uuml et al., 2021) performed a hybridization process
between a VNS algorithm and one they defined as GRAMPS, using the VNS algorithm for the local
search process. The authors (Queiroga et al., 2020) propose an exact Branch and Bound and Cut
algorithm to solve a VRPB problem where first the delivery and then the collection process are
performed, they applied their model to solve literature instances of 100 and 80 customers. In (Quila
et al.,, 2020) a VRPBTW problem is solved by exact methods, whose model is based on integer
programming for 10, 15, 20 and 30 nodes. The solution characteristic was based on splitting the
delivery and collection customers.

In (Santos et al., 2023) a VRPDDP and a VRPSPD are solved, which are identified as highly relevant
problems due to their application in reverse logistics. Their models involved multi-objective problems,
in which apart from reducing route costs, they minimize CO2 emissions. Heuristic techniques and an
Exact algorithm are applied to solve them.

The PDVRP is identified in the processes of food collection and delivery to customers, as mentioned in
the following section (Gunes et al., 2010). In (Raffaele et al., 2023) a PDVRP is solved, in which deliveries
and collections are carried out simultaneously; likewise, the authors applied two phases, in the first one
they group customers by proximity and in the second one they solved the routing model in an exact
way. The authors (Deep & Tanmay, 2022) solved a PDVRP model for a food pickup and delivery problem;
the authors solve by means of Google Map, and the shortest path concept to obtain feasible routes for
the routing problem, in which the delivery driver must leave a given point and return to the one after the
pickup and delivery process.

CONCLUSIONS

As can be seen, any waste collection system consists of a collection and delivery process; the latter
can be to recycling centers or to final destination points. These characteristics allow us to classify this
type of model generally as a Vehicle Routing with Collection and Delivery (VRPPD) model.

VRPPD models, like any VRP model, can be solved by different techniques; metaheuristic techniques
stand out for their greater efficiency due to their wide advantages, based on the execution times and
the quality of their solutions. Among these techniques, the VNS, TS and GA algorithms are the most
popular.

Solid waste collection, in any region of the world, can be highly complex due to the size of the network
representing the different collection points, coupled with routing constraints that may involve a
homogeneous or heterogeneous fleet of vehicles.

The new contributions point to the use of geographic information that allows classifying the population
in terms of the type of waste it generates, the requirements of recycling points, density, generation of
collection points, among others.
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