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Abstract

Passenger and freight mobility is one of the major challenges for the development of islands,
cities, and territories in general. The prosperity, competitiveness, and sustainability of several
economic and business areas are affected by mobility. Population growth, limited capacity of
territories transport systems and infrastructures, and environmental impact of transport force
territories to address the challenge of developing sustainable and effective mobility. Under
this scenario, a territory with sustainable and efficient transport and mobility management
offers citizens better quality of life in a place in which mobility is not an inconvenience.

Digital transformation and ICTs drive the improvement of mobility services for citizens,
help to correctly manage demand in transport networks, and generate economic and environ-
mental value. The emergence of smart mobility integrates transport system, infrastructures,
and technologies to make passenger and freight transport efficient, accessible, safer, and clea-
ner. Therefore, the smart mobility strategies must be able to provide tangible economic and
environmental benefits and improve the quality of freight and passenger transport. It means
taking actions on multiple fronts; efficient management of freight and passenger mobility,
reducing environmental impact, improving the planning and efficiency of public transport,
reducing congestion, optimizing use of physical infrastructure, among others.

One of the key operations for mobility services is route planning operations. This ope-
rational activity mainly includes two modes of transport, freight and passenger. Most of
the freight and passenger transports are carried out through road transport. The decisions
taken concerning route planning operations affect the economic and environmental side, and
the quality of life of citizens in territories. The route planning operations can be optimized
to improve several dimensions such as quality of service, costs, service flexibility, energy
consumption, environmental impact, sustainability, among others.

The task of addressing route planning operations gives rise to the appearance of complex
combinatorial optimization problems that require considering several requirements, constraints,
information sources, among others. In most of the cases, these optimization problems are
classified as A"P-hard with respect to their computational complexity. This class of problems
requires efficient optimization approaches and smart strategies in order to obtain high-quality
solutions while avoiding large computational times. In this regard, approximate optimization

approaches, such as heuristic and metaheuristics, and smart techniques inherent in Artificial
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VI

Intelligence and Soft Computing have proven to be effective and efficient methods to solve
complex route planning problems.

This thesis presented as a compendium of publications aims to design, implement, and
validate simple, efficient and flexible optimization procedures based on Artificial Intelligence
and Soft Computing dedicated to improving route planning solutions in the contexts of freight
transport, personalized tourist trip planning, and eco-efficient recyclable waste transport.
Several solution approaches to solve Vehicle Routing Problem with Time Windows, Periodic
Vehicle Routing Problem with Time Windows, Team Orienteering Problem with Time
Windows, Tourist Trip Design Problem, and real-world and new variants of these mentioned
problems have been proposed. The quality of service, customer orientation, imprecision and
uncertainty in information, and eco-efficiency are criteria considered in the identified route
planning problems. The computational experiments have proved that the proposed methods
and techniques are suitable to obtain high quality solutions within short computational times

and can be incorporated as modules into intelligent transport systems.
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Capitulo 1

Introduccion

1.1. Ambito general de la tesis

Uno de los grandes retos a los que se enfrentan los territorios en general, y en particular las
ciudades, islas y destinos turisticos, es tratar de planificar su futuro de forma que proporcione
un desarrollo del bienestar social y de la economia con un enfoque sostenible. Este reto
es abordado por territorios, ciudades, islas y destinos, que hacen esfuerzos estratégicos en
situarse como espacios inteligentes, apoyados en el aprovechamiento de los avances cientificos
y tecnologicos. Los territorios inteligentes son aquellos con capacidad de dotarse de un perfil
propio, apoyado en sus singularidades y componentes de excelencia. Un perfil que tiene que
ser competitivo para las actividades econoémicas, equilibrado socialmente y sostenible desde
el punto de vista ambiental y cultural [132]. El “Plan Nacional de Territorios Inteligentes”
define un territorio inteligente como un conjunto de elementos interrelacionados que han
de comunicarse entre si, cuyos objetivos son ofrecer mejores servicios a los ciudadanos, dar
respuesta a las necesidades de los territorios mas desfavorecidos y generar nuevos modelos
de negocio que impulsen la economia. Los resultados esperados estan asociados a la mejora
de la calidad de vida, desarrollando servicios avanzados para el ciudadano y estrategias de
economia sostenible. En este sentido, las tecnologias de la informaciéon y de la comunicacion
(TIC) son herramientas fundamentales para afrontar los retos de crecimiento y complejidad
de los territorios, y alcanzar los resultados esperados. No es posible hablar de territorios
inteligentes sin las TICs y sin transformacion digital. Concretamente, tecnologias como, las
conexiones inalambricas 4G y de nueva generacion 5G, el Internet de las cosas (IoT), el Big
Data y analisis de datos, el cloud computing y edge computing, entre otros, son esenciales
para abordar los retos sociales y econdémicos de forma sostenible en el futuro. Los avances en
computacion, comunicaciones y electronica han proporcionado multiples dispositivos para

capturar y aprovechar grandes cantidades de datos. El desarrollo de herramientas y sistemas

1Plan Nacional de Territorios Inteligentes. Diciembre 2017. Ministerio de Energfa, Turismo y Agenda
Digital.
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digitales facilita su andlisis y tratamiento, por el cual se dispone de conocimiento, que permite
gestionar los recursos mas eficientemente y, planificar y tomar decisiones mas adecuadas,
inteligentes y sostenibles.

En el contexto de territorios inteligentes uno de los pilares fundamentales es la movilidad
inteligente. Desarrollar patrones de movilidad sostenibles y eficientes es necesario para garanti-
zar que el transporte de personas y mercancias se desarrolle de forma eco-eficiente, limitando
el impacto medioambiental y garantizando la calidad de vida del entorno donde se desarrolla.
Para ello es esencial la planificacion de servicios de movilidad atendiendo a los cambios de
comportamiento a través del uso de sistemas inteligentes, los cuales impulsan el desarrollo
de la movilidad y accesibilidad sostenibles. Las tecnologias y el conocimiento disponible
facilitan un entendimiento mayor de las demandas, que favorece una mejor y mas inteligente
planificacion de la movilidad, servicios méas personalizados y eficientes a los ciudadanos y
al mismo tiempo una reducciéon de las externalidades negativas, como la congestion y la
contaminaciéon. Las nuevas estrategias que se estan disenando actian en multiples frentes,

entre otros los siguientes:

la gestion eficiente del movimiento de mercancias y personas,

cambios del modelo energético hacia sistemas renovables, sostenibles, eficientes y de alta

reduccion del consumo,

= el diseno de nuevos espacios urbanos, infraestructura y equipamiento,

el fomento de nuevos modos de transporte, incluida la movilidad compartida,

la implementacion de plataformas digitales de gestion de servicios y plataformas de

logistica flexible,

= el desarrollo de sistemas inteligentes de transporte, sistemas de gestion y seguimiento

de flotas y sistemas intermodales conectados a la infraestructura,

= la puesta en marcha de sistemas de informaciéon y ayuda a la planificacion orientados al
ciudadano.

La gestion inteligente de la movilidad permite alinear las necesidades y condiciones
cambiantes de las regiones para mejorar la eficacia y eficiencia de las cadenas de suministro de
la que forman parte multiples actores. La gestion inteligente de las cadenas de suministro y las
operaciones de transporte que en ella se dan, son catalizadores fundamentales de una economia
moderna y sostenible, incidiendo de forma directa en la competitividad, productividad y
eficiencia de los distintos sectores economicos. Afectan a la prosperidad y sostenibilidad
econoémica de las regiones, proveyendo un significativo aporte al producto interior bruto
(PIB), al empleo, al bienestar social y a la calidad de vida. Es por ello que las cadenas de

suministros han sido objeto de estudio por parte de la comunidad cientifica desde numerosas
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1.1 Ambito general de la tesis 3

areas de conocimiento. La cadena de suministros se define como el conjunto de actividades
de produccion, distribucion y comercializacion de productos y servicios, y por tanto, incluye
todos aquellos procesos necesarios hasta hacerlos llegar al consumidor final. En la industria
tradicional, este conjunto de procesos abarca el abastecimiento y produccion mediante la
fabrica de componentes y el ensamblaje final, hasta la distribucién en los mercados finales,
con la inclusién de todas las operaciones de almacenamiento, transporte y gestion de materias
relativas a la logistica. Los actores que forman parte de la cadena de suministros constituyen
una estructura interrelacionada de diferentes entidades que dependen unas de las otras [90].
La compleja tarea que supone organizar la cadena de suministros abarca la gestion de todas
sus operaciones, incluyendo la integracion, coordinacién, planificacion y control de los flujos
de productos e informacion entre intermediarios, proveedores y clientes [34].

A su vez dentro de la cadena de suministros, la logistica esta formada por el conjunto
de actividades de transporte y almacenamiento que permiten llegar al lugar previsto en
condiciones de tiempo y cantidad apropiadas para satisfacer la demanda minimizando el coste
de las actividades [32]. La importancia de una adecuada gestion e implementacion de las
operaciones logisticas incide directamente en la adquisicion, abastecimiento y planificaciéon de
la produccion y del servicio al cliente [13]|. Es importante destacar, en contra de la concepcion
establecida, que la logistica no es sinénimo de transporte, tiene un alcance mas amplio. Para
aclarar este hecho, la figura 1.1 muestra la relacion entre la gestion de la cadena de suministros,
la gestion de la logistica y las operaciones de transporte. Por su parte las operaciones de
transporte desempenan un papel fundamental dentro de la gestiéon de la cadena de suministros

y la logistica [92]. El peso del coste medio de la logistica para la industria en Espana es del

Gestion de la cadena de
suministros

$

Gestion de la logistica

Figura 1.1 Relacion entre la cadena de suministros, la logistica y el transporte
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6,5 % de su volumen de negocio. El 60 % de este coste es derivado del transporte y el 40 %
restante pertenece al almacenamiento. Las decisiones relativas a la logistica tienen efecto en
el precio final de los bienes transportados y almacenados. En Espana, el 6,5 % del precio final
de los bienes de consumo corresponde a costes de transporte y almacenamiento?.

En las Islas Canarias, el contexto geografico de esta tesis, la movilidad presenta una serie
de caracteristicas que afectan particularmente a su desarrollo. Su condicion archipielagica y
su orografia hacen que las islas tengan caracteristicas como lejania respecto a los principales
mercados, dependencia y vinculacién con el exterior, territorio reducido y fragmentado, y
alta densidad y dispersiéon de la poblacion. Estas singularidades influyen en la cadena de
suministros, la logistica y el transporte, afectando a la cohesion y a la competitividad. Las islas
tienen una dependencia econémica del exterior, y el transporte de mercancias y personas es
un factor critico en el comercio exterior e interior. Este factor, sumado a un mercado interior
reducido que no permite el desarrollo de una economia de escala, incide negativamente en la
competitividad de las empresas de la regién. No obstante, el potencial aprovechamiento de las
singularidades permitiria el desarrollo sostenible de las regiones archipielagicas ultraperiféricas®.
Un conjunto de estas ventajas se encuentran relacionado con la conectividad y accesibilidad y,
estrechamente ligadas a la logistica y transporte, a las tecnologias de la informacién y las
comunicaciones y al turismo como motor clave para la economia de la region. Son objetivos
especificos de la Estrategia de Especializaciéon Inteligente de Canarias 2014-2020 (RIS3)? la
mejora de la accesibilidad, la potenciaciéon de las actividades logisticas, la economia baja
en carbono, el desarrollo industrial, la eficiencia energética, la digitalizacion y el liderazgo
inteligente del turismo.

La condicién archipielagica de Canarias no solo incide en la movilidad, sino también en otro
sector intimamente ligado y principal generador de riqueza y empleo del archipiélago canario,
el sector turistico. En su mayor parte, la estructura sectorial de la region esta soportada en el
sector servicios, méas de tres cuartas partes, y dentro de éste, el turismo es el que mayor peso
presenta en la economia y empleo. Los indicadores econémicos confirman esta situacion: un
35% del total del PIB en Canarias, un 40,4 % del total del empleo, un 10,9 % del total del
gasto publico y un 34,9 % del total de impuestos recaudados son provenientes del turismo en
el afio 2018°. Existen retos que deben ser afrontados en el sector, como son, los indicadores
medioambientales y la huella de carbono que genera, y el impacto socio-econémico y las senales
de agotamiento de un modelo de crecimiento cimentado en la acogida de un mayor ntumero
turistas. Estos retos requieren iniciativas innovadoras, basadas en investigacion, desarrollo e

innovacion (I4+D+i), con el objetivo de impulsar proyectos de calidad que fomenten el desarrollo

2Fuente: Estudio de caracterizacion del sector del transporte y la logistica en Espana 2016. Everis

3Comunicacion de la Comision. Las Regiones Ultraperiféricas: una ventaja para Europa. COM(2008) 642
final de 17 de octubre de 2008

“https:/ /www3.gobiernodecanarias.org/aciisi/ris3/

SIMPACTUR Canarias 2018, Estudio del Econémico del Turismo sobre la economia y el empleo de las
Islas Canarias. EXCELTUR, Gobierno de Canarias
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1.2 Motivacion 5

minimizando los impactos negativos medioambientales y sociales. Esto es, la transicion hacia
un destino turistico inteligente que garantice el desarrollo sostenible del territorio, accesible
para todos y facilite la interaccion e integracion del visitante con el entorno. Una estrategia
inteligente e innovadora soportada sobre una infraestructura tecnologica de vanguardia permite
a la vez incrementar la calidad de la experiencia en el destino y mejorar la calidad de vida del
residente. En un destino inteligente, la movilidad inteligente es una parte fundamental del
mismo. La accesibilidad de turistas a los destinos, el transporte a puntos de interés, el traslado
entre éstos y el retorno a los lugares donde se alojan, son servicios y experiencias claves. La
movilidad eficiente de un destino turistico tiene un gran impacto en la experiencia turistica,
explicando cémo viajan las personas y por qué eligen diferentes formas de vacaciones, destinos
y transporte [81]. Por ello, es de interés disponer de sistemas y herramientas que faciliten la
informacion, la planificacion y el diseno de itinerarios turisticos personalizados, teniendo en
cuenta las preferencias del turista.

En los territorios inteligentes los servicios de movilidad y los sistemas que facilitan la
informacién y la planificacion del transporte tienen que orientarse al usuario, al ciudadano
v a la calidad, ademés de ser eficientes y sostenibles. La sistemas que ayudan a la planifi-
cacion de rutas deben perseguir objetivos similares, orientacion al cliente y a la calidad del
servicio, canalizar una gestion eficiente y sostenible de los recursos disponibles, incluyendo los
medioambientales, y tener la capacidad de adaptarse y ser flexibles a entornos complejos y
cambiantes. Las técnicas y métodos de Inteligencia Artificial, y mas concretamente los de la
Soft Computing, aportan soluciones inteligentes en el &mbito de los sistemas de planificacion de
rutas. Mas especificamente, los enfoques aproximados y flexibles, como las técnicas heuristicas
y metaheuristicas, y los métodos de optimizacion difusa, con el uso de los conjuntos y sistemas
difusos para el tratamiento de la informacion vaga e imprecisa, son herramientas claves para
el desarrollo de sistemas inteligentes de ayuda a la movilidad y particularmente, los sistemas

de planificacion de rutas.

1.2. Motivacion

La presente tesis se encuentra avalada por la experiencia del Grupo de Computacion
Inteligente (GCI) y del Instituto Universitario de Desarrollo Regional (IUDR) de la Universidad
de La Laguna en investigacion relativa a problemas de optimizaciéon en movilidad y operaciones
de transporte, los cuales han sido abordados principalmente a través de técnicas de Inteligencia
Artificial y Soft Computing. La principal motivaciéon por la temética que trata la presente
tesis doctoral surge en origen de la experiencia citada, de los proyectos de investigacion
y de transferencia que se han realizado, dando respuesta a problemas de optimizacién de
operaciones de logistica y transporte, entre ellas la planificacién de rutas. Otro aspecto es
el disenio y desarrollo de componentes de sistemas inteligentes con diferentes técnicas de la

Inteligencia Artificial y Soft Computing para dar solucién a esta clase de problemas y mejorar
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6 Introduccion

la calidad de las soluciones obtenidas. A continuacion describimos algunos aspectos especificos,
relacionados con el transporte y la movilidad, que motivan el trabajo de investigacion realizado.

En la movilidad inteligente la gestion eficiente de la cadena de suministros es fundamental
para permitir la produccion de bienes, mercancias y servicios, ademéas de garantizar que estos
sean dispuestos de forma eficaz y eficiente. La mejora continua de la eficiencia, eficacia y
sostenibilidad de estas operaciones es uno de los retos clave y mas complejos que afrontan las
empresas y organizaciones. El apoyo y el desarrollo de proyectos e iniciativas de I-+D+1i en
el entorno de la movilidad, la gestién de la cadena de suministro y el transporte son claves
para abordar y mejorar estas actividades, y por ende para el progreso de los territorios. El
desarrollo de proyectos de investigacion y transferencia en el marco descrito ha sido uno de
los factores motivadores. La investigacion realizada durante esta tesis ha sido base para los
proyectos ejecutados, los cuales se referencian posteriormente.

Un elemento motivador de esta tesis, es proveer transporte con mayor calidad de servicio,
ligado a la mejora de la satisfaccion del cliente [22]. La orientacion al cliente de los objetivos, de
los servicios y operaciones de transporte y su gestion eficiente y sostenible son fundamentales.
La percepcion de mayor calidad en el servicio por parte del cliente es dependiente de la
reduccion de los tiempos de comienzo del servicio, el cumplimiento de los tiempos de respuesta
v la adaptacion del servicio a sus necesidades y preferencias. La planificacion de rutas debe
considerar un enfoque orientado al cliente y entre sus objetivos tener en cuenta criterios de
calidad, sostenibilidad y satisfaccion del cliente. Las soluciones de alta calidad en problemas
de planificacion de rutas de recogida y entrega de bienes y mercancias se debe centrar en
obtener niveles de servicio elevado y eco-eficientes, con el menor consumo de recursos, es decir
reduccion de costes y de impacto medioambiental. En el caso de la planificacion de rutas
turisticas, focalizar en el diseno de rutas que se ajusten a las preferencias del turista y que
supongan una reduccion en el uso de recursos. En ambas aplicaciones, es necesario disponer de
herramientas inteligentes que permitan evaluar soluciones alternativas y obtener la solucion
mas adecuada.

Otra de las motivaciones esta asociada con la investigacion en problemas reales y aplicados
presentes en usuarios, empresas y organizaciones cuando planifican sus rutas. Los proble-
mas abordados en esta tesis son lo suficientemente complejos y su espacio de soluciones lo
suficientemente grande como para que las heuristicas, metaheuristicas y otras técnicas de
la Inteligencia Artificial y Soft Computing sean apropiadas para la busqueda de soluciones
aproximadas. En contextos reales y aplicados, una planificaciéon eficiente, eficaz y flexible
tiene que dar respuesta a los cambios del entorno y requiere de la recoleccion y disponibilidad
de datos e informaciéon de usuarios, operadores y territorio. Es comtn que estos datos e
informacién no estén disponibles con certeza, precision, exactitud y completitud para llevar a
cabo la planificacién. Asi, un elemento motivador ha sido la incorporaciéon de técnicas que
permitan tratar informacion imprecisa e incompleta y encontrar las mejores soluciones para la

planificacion de las operaciones de transporte. En este sentido, se ha trabajado en el modelado
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1.3 Hipotesis y objetivos 7

de problemas de planificacion de rutas considerando informacion imprecisa y metodologias
con capacidad y flexibilidad para abordar este tipo de problemas. Las herramientas de planifi-
cacion de rutas para su éxito deben disponer de técnicas y métodos eficaces y eficientes de
optimizacion en ambientes de decision difusos e imprecisos.

Actualmente se asiste a la creciente preocupacion por el impacto medioambiental, la
cual ejerce presion sobre territorios, gobiernos y empresas para el desarrollo de actividades
sostenibles. Una actuacion estratégica en politicas de sostenibilidad es el fomento de la
movilidad inteligente de personas y mercancias con el objetivo de disponer de un ecosistema
de transporte eficiente, competitivo, y ambientalmente sostenible. Otra de las actuaciones
aborda la creciente generacion de residuos debido a factores como, la urbanizacion, el aumento
de la poblacién y su nivel de vida, y la gestién de los mismos. El equilibrio entre proporcionar
servicios de alta calidad a los ciudadanos y la reduccién del impacto medioambiental hacen
necesario disefiar nuevos procesos de gestion eco-eficientes del transporte, incluyendo la
recogida y e traslado de residuos solidos. Esta tesis también ha puesto el foco de interés en
abordar problemas de planificacion de rutas de transporte y de recogidas de residuos con

criterios eco-eficientes.

1.3. Hipotesis y objetivos

A tenor del ambito de la tesis y de los elementos motivadores de la investigacion presentados
previamente, las hipotesis de partida de la tesis son las siguientes: puede mejorarse la
planificacion de rutas utilizando técnicas inteligentes que se adapten a informacion, criterios de
decision y objetivos de problemas reales; los procedimientos actuales no contemplan de manera
adecuada la orientacion al cliente y criterios de referencia de calidad del servicio y es necesario
disenar otros; y las técnicas hibridas que combinan diferentes componentes de la Inteligencia
Artificial y Soft Computing aportan la inteligencia que los procedimientos de optimizacion
necesitan y son las técnicas apropiadas para implementar sistemas de planificacion.

El objetivo principal de esta tesis doctoral es el diseno, implementacién y validaciéon de
procedimientos de optimizacion simples, eficientes y flexibles basado en Inteligencia Artificial
y Soft Computing dedicados a la mejora de la planificacién de rutas, en ambientes imprecisos,
orientado a la calidad y eficiencia del servicio que contribuyan al conocimiento en estos campos.
Los problemas tratados centran principalmente su atencion en los contextos de planificacion
de rutas para transporte de recogida y entrega de mercancias, planificaciéon de rutas eco-
eficientes para la recogida de residuos y la planificaciéon de rutas turisticas personalizadas.
Las componentes de optimizaciéon resultantes pueden ser integradas con posterioridad en el
desarrollo de Sistemas de Informacion, Sistemas de Planificacion y Sistemas Inteligentes de
Transporte, de forma que sirvan de soporte y ayuda a la toma de decisiones a usuarios y

actores en las operaciones de planificacion citadas.
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Para el alcance y cumplimiento del objetivo general de esta tesis se deben lograr una
serie de objetivos especificos asociados a cada uno de los contextos citados anteriormente.
Concretamente se espera obtener una descripcion y analisis de cada problema, la especificacién
de caracteristicas y los enfoques emergentes. El entorno en el que se abordan los problemas
demanda analizar las condiciones y caracteristicas como: la adaptacion al cliente, criterios de
calidad y eficiencia en el servicio que demandan los clientes, criterios eco-eficientes, imprecision
de la informacioén, flexibilidad en las soluciones alternativas a los problemas. Todos ellos son
explorados en la literatura. Este objetivo cubre la especificacion formal, caracteristicas reales
de los problemas, descritas anteriormente, asi como se incorporan preferencias de los usuarios
v el agrupamiento de localizaciones.

Por ultimo, es fundamental disefiar e implementar técnicas y métodos basados en Inteli-
gencia Artificial y Soft Computing para la resolucion de los modelos formulados, asi como la
evaluacion del comportamiento y rendimiento computacional de las mismas. Estas técnicas y
métodos deben encontrar soluciones eficientes y flexibles en supuestos mas realistas, a través

de la gestion de la imprecision de la informacién y la utilizacion de metaheuristicas.

1.4. Contribuciones

A lo largo del trabajo de desarrollo de la tesis doctoral y en el alcance de los objetivos, se
ha generado una serie de contribuciones, resultados de la investigacion en el ambito de las
operaciones de planificacion de rutas en los contextos citados.

Entre las contribuciones generadas, las més relevantes son citadas a continuacién:

1. Revisiones

Revision de la literatura y estado del arte acerca del ambito, novedades, intereses, enfoques
emergentes y problemas de planificacion de rutas. A lo largo de la tesis se ha realizado una
revision del estado del arte y de la literatura de problemas de planificacién de rutas atendiendo
a los aspectos motivacionales y a enfoques emergentes a abordar. El objetivo es responder
a, qué modelos de planificaciéon pueden aplicarse a los problemas reales y actuales, y cémo
abordarlos en esta tesis [25], [50].

= Publicaciones:

e Exposito-Izquierdo, C., Exposito-Marquez, A. and Brito-Santana, J. (2017). Mobi-
lity as a Service. Cap. 15 in Smart Cities. Foundations, Principles, and Applications
(eds H. Song, R. Srinivasan, T. Sookoor and S. Jeschke), Wiley, pages 409-436.
https://doi.org/10.1002/9781119226444.ch15

e Brito, J., Castellanos-Nieves, D., Exposito, A., and Moreno, J.A. (2018). Soft
Computing Methods in Transport and Logistics. In: Pelta D., Cruz Corona
C. (eds) in Soft Computing Based Optimization and Decision Models. Studies
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in Fuzziness and Soft Computing, vol 360. Springer, Champages, pages 45—61.
https://doi.org/10.1007/978-3-319-64286-4 3

2. Rutas de recogida y entrega.

Modelado y resolucion de problemas de planificacion de rutas de entrega y recogida de
mercancias, especificamente las variantes con ventanas de tiempo y de planificacion periodica,
considerando la orientacion al cliente, la calidad de servicio y otros supuestos. Estas contribu-
ciones hacen hincapié en el diseno y aplicaciéon de metaheuristicas a modelos de optimizaciéon
que tienen como objetivo la calidad del servicio a través de diferentes métricas [45], [19],
(23], [17], [42], [49], [43], [46]. Adicionalmente, se consideran otras aportaciones relativas al
modelado y resolucion de problemas de planificacion de rutas cerradas y abiertas, es decir

con subcontratacion de operaciones combinadas con vehiculos propios [20].
= Publicaciones:

e Brito, J., Expésito, A., and Moreno, J. A. (2013). Variable neighbourhood search
for close—open vehicle routing problem with time windows. IMA Journal of Mana-
gement Mathematics, 27(1):25-38. https://doi.org/10.1093 /imaman /dpt024

Brito J., Expoésito A., Moreno-Pérez J.A. (2015). Bi-objective Discrete PSO for
Service-Oriented VRPTW. In: Greiner D., Galvan B., Périaux J., Gauger N.,
Giannakoglou K., Winter G. (eds). Advances in Evolutionary and Determinis-
tic Methods for Design, Optimization and Control in Engineering and Sciences.
Computational Methods in Applied Sciences, vol 36. Springer, Cham, pages 445-460.
https://doi.org/10.1007/978-3-319-11541-2_ 29

Exposito A., Raidl G.R., Brito J., Moreno-Pérez J.A. (2018) GRASP-VNS for a
Periodic VRP with Time Windows to Deal with Milk Collection. In: Moreno-Diaz
R., Pichler F., Quesada-Arencibia A. (eds). Computer Aided Systems Theory —
EUROCAST 2017. EUROCAST 2017. Lecture Notes in Computer Science, vol
10671. Springer, Cham, pages 299-306. https://doi.org/10.1007/978-3-319-74718-
7 36

Exposito, A., Brito, J., Moreno, J. A.; and Exposito-Izquierdo, C. (2019). Quality
of service objectives for vehicle routing problem with time windows. Applied Soft
Computing, 84:105707. https://doi.org/10.1016/j.as0c.2019.105707

= Aportaciones a congresos:

e Exposito, A., Brito, J., Moreno, J.A. (2013). PSO discreto para el VRPTW
orientado a la calidad del servicio. In Libro de Actas de la Multiconferencia
CAEPIA13, pages 483-492. Asociacion Espanola para la Inteligencia Artificial.
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e Brito, J., Exposito, A., and Moreno, J. (2014). Discrete PSO for VRPTW with qua-
lity objective. In Proceedings of the 5th International Conference on Metaheuristics
and Nature Inspired Computing, META’14. INRIA.

e Brito, J., Exposito, A., and Pérez, J. A. M. (2015). Planificacion de rutas para
productos perecederos utilizando un hibrido GRASP-VNS. In Libro de Actas
Congreso Espanol sobre Metaheuristicas, Algoritmos Evolutivos y Bioinspirados
MAEB 2015, pages 305-312.

e Exposito, A., Brito, J., and Moreno-Pérez, J. A. (2015). Hybrid GRASP-VNS
for milk collection problem modeled as PVRPTW. In Metaheuristic International
Conference (MIC’15) proceedings.

e Exposito, A., Raidl, G. R., Brito, J., and Moreno-Pérez, J.A. (2017). Un GRASP/VNS
para un problema de recogida de leche modelado como PVRPTW. In Proceeding of
the Metaheuristics International Conference (MIC 2017) and the XII Metaheuristi-
cas, Algoritmos Evolutivos y Bioinspirados (MAEB 2017) Conference. Barcelona,

Universitat Pompeu Fabra.

3. Diseno de rutas turisticas.

Modelado y resolucion de problemas de planificacion de rutas turisticas personalizadas,
variantes del Tourist Trip Design Problem (TTDP). El modelado de problemas para el
disenio de itinerarios turisticos y su resolucion mediante técnicas de Soft Computing [41], [18].
Especificamente se propone y resuelve un nuevo modelo que introduce agrupamientos de
localizaciones o de puntos de interés a visitar y, se disefian y aplican estrategias novedosas de
resolucion [49], [94], [47].

= Publicaciones:

e Expésito, A., Brito, J., and Moreno, J. A. (2016). A heuristic-biased GRASP
for the team orienteering problem. In Advances in Artificial Intelligence, pages
428-437, Cham. Springer International Publishing. https://doi.org/10.1007/978-3-
319-44636-3 40

e Expésito, A., Mancini, S., Brito, J., and Moreno, J. A. (2019). A fuzzy GRASP
for the tourist trip design with clustered POIs. Ezpert Systems with Applications,
127:210 — 227. https://doi.org/10.1016/j.eswa.2019.03.004

e Moreno J., Brito J., Santana A., Castellanos D., Garcia I., Expoésito A. Smart

Recommender for Blue Tourism Routing. Lecture Notes in Computer Science,
12014 (2020) ISSN: 0302-9743. https://doi.org/10.1007/978-3-030-45096-0_ 25

= Aportaciones a congresos:

e Brito, J., Exposito-Marquez, A., and Moreno, J.A. (2017). A fuzzy GRASP al-
gorithm for solving a tourist trip design problem. The 2017 IEEE International
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Conference on Fuzzy Systems, FUZZ-IEEE 2017, Naples, Italy, July 9-12, 2017,
pages 1-6. IEEE.

e Exposito-Marquez, A., Mancini, S., Brito, J., and Moreno-Pérez, J.A. (2018).
Dynamic stochastic tourist trip design problem with clustered POIs. The 29th
European Conference on Operational Research (EURO 2018). Valencia, EURO.
The Association of European Operational Research Societies. July 8-11, 2018.

4. Rutas de recogida

Modelado y resolucion de problemas de planificacion de rutas para la recogida y depdésito
de residuos. Estas aportaciones siguen la linea que promueve la flexibilidad, simplicidad y
eco-eficiencia de soluciones en problema reales de planificacién de rutas para la recogida y
depésito de residuos [44], [51].

= Publicaciones:

e Exposito-Marquez, A., Exposito-Izquierdo, C., Brito-Santana, J., and Moreno-
Pérez, J. A. (2018). Solving an eco-efficient vehicle routing problem for waste
collection with GRASP. In: Del Ser J., Osaba E., Bilbao M., Sanchez-Medina
J., Vecchio M., Yang XS. (eds) Intelligent Distributed Computing XII, IDC 2018.
Studies in Computational Intelligence, vol 798. pages 215-224, Cham. Springer
International Publishing. https://doi.org/10.1007/978-3-319-99626-4 19

Exposito-Marquez, A., Exposito-Izquierdo, C., Brito-Santana, J., and Moreno-
Pérez, J. A. (2019). Greedy randomized adaptive search procedure to design waste
collection routes in La Palma. Computers & Industrial Engineering, Volume 137,
November 2019, 106047. https://doi.org/10.1016/j.cie.2019.106047

= Aportaciones a congresos:

e Exposito-Marquez, A., Exposito-Izquierdo, C., Brito-Santana, J., Moreno-Pérez, J.
A. (2018). Solving an Eco-efficient Vehicle Routing Problem for Waste Collection
with GRASP. 12th International Symposium on Intelligent Distributed Computing
(IDC), Bilbao, Spain.

e Moreno-Pérez, J. A., Exposito-Marquez, A., Exposito-Izquierdo, C., Brito-Santana,
J., Castellanos-Nieves, D. (2019). Recyclable Waste Collection Routing Problem,
formulation and solution. VeRoLog 2019, 7th meeting of the EURO Working Group

on Vehicle Routing and Logistics Optimization. Seville, Spain.

5. Rutas en contexto difuso
Modelado y resolucion de problemas de planificacion de rutas de vehiculos considerando
imprecision e incertidumbre en la informacién. Aportaciones al tratamiento de la imprecision

en los datos y en las restricciones de los modelos de planificacion de rutas abordados, para ello
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se considera la optimizacion difusa, un enfoque metodologico simple y flexible para abordar
las componentes difusas del modelo [16], [15], [21], [14], [48].

= Publicaciones:

e Brito, J., Exposito, A., Moreno, J. (2017). Planificacion de viajes turisticos con

preferencias y restricciones difusas. Revista Investigacion Operacional, 38:122-131.

e Expésito, A., Mancini, S., Brito, J. Moreno-Pérez, J. (2019). Solving a Fuzzy
Tourist Trip Design Problem with Clustered Points of Interest. Recent Advan-
ces and Applications. Studies in Fuzziness and Soft Computing, pages 3. 1-47.
https://doi.org/10.1007/978-3-030-10463-4 2

= Aportaciones a congresos:

e Brito, J., Exposito, A., Moreno, J. A., Verdegay, J. L. (2014). Planificacion de
rutas orientada a la calidad del servicio con tiempos difusos. In Libro de Actas
ESTYLF2014 XVII Congreso Espanol sobre tecnologias y légica Fuzzy, pages
223-228. Departamento de Informatica e Ingenieria de Sistemas, Universidad de

Zaragoza.

e Brito, J., Exposito, A., Moreno, J. A. (2016). The team orienteering problem
with fuzzy times. In Libro de Actas ESTYLF2016 XVIII Congreso Espaifiol sobre
tecnologias y logica Fuzzy, pages 154-155. Departamento de Mateméatica Aplicada.
Universidad del Pais Vasco.

Brito, J., Expésito, A., Moreno, J. A. (2016). Solving the team orienteering problem
with fuzzy scores and constraints. In 2016 IEEE International Conference on Fuzzy
Systems (FUZZ-IEEE), pages 1614-1620, Vancouver, Canada.

Las contribuciones realizadas han formado parte de diferentes proyectos de investigacion y
de transferencia tecnologica y de conocimiento, los cuales se presentan a continuacion:
Proyectos de investigacion:

= Hiperheuristicas: Herramientas Inteligentes para la Optimizacion de la Toma de De-
cisiones Asistida (2011). Ministerio de Ciencia e Innovacion del Gobierno de Espaiia.
TIN2008-06872-C04-01.

» Sistema de soporte inteligente para la resiliencia de las terminales portuarias (2016).
Ministerio de Economia y Competitividad. TIN2015-70226-R.

» Planificacion Inteligente de Actividades en Turismo Marino apoyadas en la Geolocaliza-
cion y las TICs (2017). Fundacion Cajacanarias. 2016 TUR19.

Proyectos de transferencia:
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Integracion de recomendador de rutas para cross selling en la plataforma de Civitfun
para la gestion inteligente de la relacion entre el hotel y el cliente (2017). Civitfun

Tourism S.L.

= Evaluacién y diseno de rutas de recogida de residuos y envases en contenedores de los
municipios de la isla de La Palma (2018). Ecoembalajes Espana, S.A.

Prototipo de recomendador de rutas turisticas en Wando Experiences (2019). Wando

Experience, S.L.

1.5. Metodologia

La metodologia empleada a lo largo del trabajo de investigacion de esta tesis se concreta
en el estudio, diseno, implementacion y anélisis de las alternativas metodolégicas y compo-
nentes tecnologicas, para la resolucion de diversos problemas reales. La figura 1.2 muestra la
metodologia y proceso general seguido para abordar los problemas de planificacion de rutas,

y el diseno y desarrollo de componentes de optimizacion.

6n de rutas de recogida y entrega de mercancias Planificacion de rutas turisticas
Analisis del problema
ificacio Orientacias a Ia calidad de " Especificacion de
— "ze”“';‘“"‘c'f,“ d; prol b'ei'“;’ Sdes | | | sericoeniecogidayentrega ve Recogida y entrega de residucs Futas uriscas personalzadas P roblemas
lentificacion de propledades mercanclas (QSVPRTW, ‘eco-eficierite (Eco-Efficient VRP) (TTDR: ~Clu) P
PVRPTW)
Redisefiar l
Correspondencia de ENTORNOS REALES FLEXIBILIDAD INFORMACION Incorp 6n de
ropiedades i
|—{ ProP Problemas ratados en || ¥ ] de logica diusa caracteristicas
Identificar técnicas entomos practicos para el tratamiento flexible de reales de los
Identificar metodologias problemas problemas
| !
5 - Integracién de
Selecclon de modelos, OTRAS TECNICAS METAHEURISTICAS \eonioas de
metodologias y DE OPTIMIZACION .
técnicas optimizacién
Desarrollo
Refinar|
Proceso de i i6n de
técnicas y metodologias .
Disefio,
implementacion
1 y validacion de
componentes de
valldacion optimizacién
¢Los resultados obtenidos son
correctos?
(S

Figura 1.2 Metodologia y proceso seguido

Las etapas que se muestran en la figura 1.2 se resumen de la siguiente manera:
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1. Andlisis del problema. En esta etapa se identifican, estudian y analizan los problemas a
través de la literatura cientifica y se determinan sus propiedades y caracteristicas reales

en los contextos trabajados a lo largo de la tesis.

2. Correspondencia de propiedades. A lo largo de esta etapa se mapean y emparejan
las propiedades de las metodologias y técnicas de optimizaciéon con las propiedades y

caracteristicas de los problemas a tratar.

3. Seleccion de modelos, metodologias y técnicas. Durante esta etapa se analiza qué técnicas

son las mas adecuadas para dar solucion a los problemas estudiados.

4. Desarrollo y validacion. En esta etapa se desarrollan las metodologias y técnicas de
optimizacion y de la Soft Computing seleccionadas para dar soluciéon a los problemas, y

se evalta el rendimiento de estas.

Complementariamente a la metodologia y proceso de trabajo presentada, a lo largo de la
tesis se han realizado esfuerzos en la difusion de resultados y progresos obtenidos asistiendo a
seminarios, congresos nacionales e internacionales especializados en los temas tratados, y en
la publicacion de articulos de revistas internacionales de interés en los temas propuestos.

Durante el desarrollo de la tesis se han establecido colaboraciones con diferentes entidades
publicas y empresas privadas para la realizacion de proyectos de transferencia de conocimiento
e investigacion en el ambito de la planificacion de rutas. Las entidades y empresas con las
que se ha colaborado son la Fundacién CajaCanarias, Civitfun Tourism S.L., Ecoembalajes
Espana S.A., y Wando Experience S.L. Estos proyectos se han centrado principalmente en
los contextos de planificacion de rutas para la recogida y deposito de residuos reciclables, y
en el diseno de rutas turisticas personalizadas. Adicionalmente se han establecido contactos
y colaboraciones con profesionales e investigadores que trabajen en planificaciéon de rutas y
temas afines de los que han surgido diferentes trabajos de investigacion en comun. De estas
colaboraciones forman parte la realizaciéon de varias estancias de investigacion que habilitan

la obtencién del doctorado con mencién internacional de esta tesis.

1.6. Estructura de la tesis

Esta memoria de tesis se presenta en base a la modalidad de tesis por compendio de
articulos. Los contenidos de este documento estan organizados y estructurados en cuatro
capitulos, que se describen a continuacién.

El capitulo primero introduce aspectos generales de la tesis doctoral, comenzando con
la descripciéon del ambito y las motivaciones que han conducido el trabajo de investigacion
desarrollado. A continuacion se definen las hipotesis de partida y los objetivos de la tesis,

para posteriormente comentar las contribuciones realizada durante el proceso de investigacion.
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1.6 Estructura de la tesis 15

Para finalizar el capitulo se especifican las distintas fases y actividades de la metodologia
propuesta y seguida a lo largo de la tesis.

El segundo capitulo contiene los fundamentos conceptuales y metodologicos que han
formado parte de la investigacion. Las primeras secciones introducen los conceptos de movilidad
y territorios inteligentes y describe el ambito del transporte y su relacion con el turismo. A
continuacion, se argumenta la importancia de las tareas de planificaciéon de rutas dentro de
la cadena de suministros como una de sus actividades clave y da una vision de los sistemas
inteligentes de planificacion de rutas que ayudan y facilitan la toma de decisiones en esta
actividad. El relato sobre el estado del arte de los problemas de planificacion de rutas abordados
en la investigacion se explica en la siguiente seccion. Por altimo, se hace un breve repaso al
ambito del conocimiento de la Soft Computing y las técnicas utilizadas, optimizacion difusa y
metaheuristicas.

El tercer capitulo describe los principales articulos publicados durante la investigacion,
los cuales se incluyen como compendio de esta tesis. Para cada uno de ellos se explican los
aspectos maés relevantes: breve resumen, objetivos de investigacion perseguidos, la metodologia
utilizada, los resultados obtenidos, las conclusiones y trabajos futuros.

Finalmente, el cuarto capitulo expone las conclusiones generales de la tesis y los trabajos

futuros propuestos.
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Capitulo 2

Transporte y planificacién de rutas

2.1. Movilidad, ciudades y territorios inteligentes

Los retos actuales a los que se enfrentan las ciudades tienen que abordarse con nuevos
enfoques e ideas. Las ciudades inteligentes son estrategia de desarrollo que pueden considerarse
en diferentes dimensiones: economia, movilidad, medioambiente, habitat y forma de vida y
gobernanza. En estos &mbitos los proyectos de actuacion se materializan en acciones integrales
acordes a la naturaleza de los problemas abordados. Algunos ejemplos de estas acciones son el
disenio urbano de espacios verdes, la gestion eficiente de la energia y el agua, la planificacion
de la movilidad como servicio, la administraciéon electronica y la participacion ciudadana,
la reducciéon de los residuos, etc. Una gestion eficiente de las respuestas y soluciones en
cada una de las dimensiones y en contextos geograficos limitados no puede desarrollarse
mediante proyectos y acciones aisladas. Esta es una de las razones por las que de manera
natural en algunos espacios es necesario extender el concepto de ciudad inteligente a territorios
inteligentes.

Los territorios inteligentes permiten abordar problemas conjuntamente en zonas de grandes
dimensiones con niicleos de poblaciéon poco densos. Muchas regiones, como las insulares, no
disponen de los recursos y condiciones de las grandes ciudades para abordar estrategias
inteligentes. Un enfoque extendido permite mitigar la divisién urbano-rural, provee un visién
compartida del territorio, facilita la colaboracién publica-privada y provee el desarrollo de
nuevos servicios y actividades basadas en infraestructuras de comunicacion de nueva generacion
5G, 0T, el Big Data y analisis de datos, cloud computing y edge computing, y disponibilidad
de datos abiertos. Un nuevo ecosistema centrado en las personas y orientado en aspectos
sociales, econdémicos y medioambientales, en el que dispositivos, servicios, plataformas y
aplicaciones relacionan actores y agentes de forma multidimensional. Un ecosistema donde
fluyen grandes voliumenes de datos procedentes de los &mbitos mas diversos, que pueden ser
tratados de forma inteligente. Un nuevo paradigma de informacion y comunicacion distribuida,

abierta y compartida. En el cual se desarrollan aplicaciones, plataformas y medios sociales
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18 Transporte y planificacion de rutas

accesibles, en la nube, méviles, ubicuas y sensorizadas. Una oportunidad para la generaciéon de
nuevos servicios de valor anadido, orientados a usuarios finales, a la calidad y sostenibilidad.

La movilidad y su gestion es uno de los grandes retos de los territorios. La movilidad
inteligente como dimensiéon de los territorios inteligentes gestiona la oferta y demanda en
materia de movilidad de personas y mercancias, desde una perspectiva de calidad, sostenibilidad
y eficiencia. Entre otras, proporciona soluciones para la planificacion y diseno de rutas, prevision
y priorizaciéon de actuaciones, benchmarking de calidad, politica tarifaria, gestion de flotas,
parking inteligente, vehiculo eléctrico, control de peajes, acceso a zonas restringidas, etc.
Estas soluciones adquieren sentido en la optimizacion en tiempo real. Por ello, son esenciales
actividades como la captura de datos, la extraccién de informacion y el intercambio de
datos continuo y automatico para tomar decisiones, resolver incidentes y realizar una gestion
conveniente.

El desarrollo de las tecnologias de la informaciéon y las comunicaciones aplicadas a la
movilidad y la transformacion digital de la logistica y el transporte son objetivos prioritarios
para proporcionar mejores servicios orientados al usuario final. La inversion y disponibilidad de
infraestructuras y equipamientos conectados e interoperables entre si son fundamentales para
proveer informacion y conocimiento que facilitan los servicios de movilidad. La implementacion
de sistemas inteligentes juegan un papel muy importante tanto en la captura, transmision y
evaluacion de la informacion sobre las operaciones como en la planificacion y gestion de los
servicios de movilidad. La inteligencia de estos sistemas no es solo disponer de informacion,
sino del tratamiento y uso de la misma para el anélisis, optimizacion, mejora de la toma de

decisiones y prospectiva asociada a los servicios.

2.2. Transporte

El transporte es una de las actividades fundamentales en la logistica. Es esencial para
el desarrollo econémico y la competitividad de territorios y organizaciones. El transporte
facilita la movilidad y accesibilidad de personas y mercancias. Ademés, otros sectores como
el comercio, turismo e industria dependen del transporte para el desarrollo de su actividad.
El transporte se puede clasificar por el modo/medio que se utilice para el desarrollo de la
actividad (carretera, vias, maritimo, aéreo) y por el contenido de lo que transporta (mercancias,
personas). El transporte de mercancias garantiza el abastecimiento y provisiéon de bienes a
territorios y organizaciones, relacionando proveedores y clientes, y es crucial en la entrega de
bienes en tiempo, estado y calidad correctos. La mayor proporcién de bienes y mercancias
transportados se moviliza a través de transporte por carretera. En 2017 el transporte de
mercancias por carretera represento el 76,7 % del total del transporte de mercancias terrestre
dentro de la Union Europeal. El transporte de mercancias es una actividad socio-economica de

alta relevancia en la economia e impacto ambiental en los territorios. El transporte de pasajeros

!Fuente: EUROSTAT 2017
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2.2 Transporte 19

garantiza accesibilidad, puntualidad y frecuencia en el traslado de personas. Adicionalmente,
el transporte de pasajeros también colabora en la competitividad de los sectores productivos
y en la integracion social territorial, facilitando la movilidad de las personas. La demanda
de movilidad es creciente en general, y especialmente en areas urbanas y metropolitanas. La
calidad y eficiencia de los servicios de transporte de pasajeros se ve afectada por los problemas
de congestion y contaminacion. El reto es buscar el equilibrio entre cubrir las demandas y
necesidades de movilidad y reducir las externalidades negativas.

Actualmente algunos de los grandes desafios que enfrentan los territorios en materia de
movilidad y transporte se desarrollan en areas urbanas y metropolitanas. Uno de ellos es el
continuo crecimiento del comercio electronico tiene notables consecuencias en el transporte de
entrega de mercancia en areas urbanas y metropolitanas. La mayoria de estas entregas son
de reducido tamano, lo que dificulta la eficiencia del transporte y la distribucion de tdltima
milla. Esta creciente demanda aumenta la presion sobre las infraestructuras, congestiona vias,
genera un impacto negativo en el medio ambiento y refuerza problemas propios de zonas
urbanas como falta de espacios de carga y descarga, complicaciones en zonas peatonales, de
patrimonio o casco antiguo de baja accesibilidad, entre otros. Como contrapartida, la creciente
demanda genera efectos positivos como modernizacion de infraestructuras y medios, y la
aparicion de nuevas soluciones.

Otro de los desafios del transporte de mercancias y pasajeros es el de sus efectos adversos
en el medioambiente. El Ministerio para la Transicion Ecologica y el Reto Demogréfico del
Gobierno de Espaiia cifra que el transporte de mercancias y personas es responsable del 25 %
de las emisiones totales de gases de efecto invernadero, correspondiendo al transporte por
carretera el 95% de estas emisiones 2. La presencia simultanea de transporte de personas y
mercancias congestiona las vias de circulacion con el consiguiente incremento de los tiempos de
desplazamiento, contaminacion acustica, ocupacion y uso de las infraestructuras, y consecuen-
temente reduccion de la calidad de vida y competitividad empresarial de los territorios. La
creciente preocupacion sobre la manera de reducir el impacto medioambiental esta fomentando
el desarrollo e innovacion de la movilidad con el objetivo de disponer de un sistema eficaz,
eficiente, competitivo, y ambientalmente sostenible.

Los desafios citados previamente en muchos casos entran en conflicto con los intereses
de las empresas de transporte. Por su naturaleza, estas empresas tienen la necesidad de ser
competitivas y rentables, asumiendo que los costes de transporte pueden representar valores
cercanos al 50% del coste total logistico [6], necesitan optimizar sus procesos operativos
para ajustar los costes operacionales de transporte ademas de aumentar la calidad de los
servicios. Las operaciones de transporte requieren del uso de recursos como energia, trabajo,

infraestructuras y vehiculos, entre otros. Las operaciones mas eficientes seran aquellas que

2Fuente: Ministerio para la Transicion Ecologica y el Reto Demogréafico
(https://www.miteco.gob.es/es/cambio-climatico/temas/mitigacion-politicas-y-medidas/transporte.aspx)
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20 Transporte y planificacion de rutas

menor cantidad de recursos requieran en su ejecucion, esta minimizacién de recursos a su vez
se traduce en reduccion de costes econdémicos e impacto medioambiental.

Los avances futuros en materia de transporte deben orientarse hacia la mejora y el uso
adecuado de la red de infraestructuras disponibles y la incorporacion de soluciones innovadoras
en la gestion del transporte y movilidad de mercancias y personas para prestar servicios
eficientes, eficaces y sostenibles. La alta competencia esta forzando a las organizaciones a
buscar nuevas soluciones para la reduccion de costes, mejora y generacion de servicios. La
biisqueda de nuevas e innovadores soluciones a estos desafios es una labor compleja y dificil
para las organizaciones. Ante esta situacion, la simplificacion de los problemas en pos de
abordarlos parcialmente es una alternativa comun. En este sentido, existen oportunidades
y margen de mejora para el desarrollo de proyectos I4+D-i en la linea de buscar soluciones
innovadoras a todos estos problemas. Concretamente el desarrollo de metodologias y técnicas
inteligentes para la optimizacion y mejora de la toma de decisiones en el ambito del transporte

es una de ellas.

2.3. Turismo y transporte

El turismo es uno de los mayores subsectores productivos en la economia global, aporta una
décima parte de los puestos de trabajo y un 10,4 % del PIB global. Esta actividad econémica
creci6 a lo largo del 2018 un 4,6 % segtin datos de la Organizacion Mundial del Turismo®. Este
crecimiento ha permitido la creacion de empleo, representando uno de cada cinco de todos
los empleos creados en el mundo durante los ultimos cinco anos. El turismo tiene un efecto
dinamizador en diversas actividades econdmicas involucradas como son las de alojamiento,
transporte, alimentos y bebidas, comercio minorista, cultura, deportes y ocio.

El modelo turistico, que tanto éxito ha cosechado, debe adecuarse a un escenario marcado
por un continuo crecimiento y cambios permanentes y veloces en el mercado, producidos por
la transformacion digital y la innovaciéon. En la medida que aumenta en todo el mundo la
actividad turistica, es necesario equilibrar la competitividad, con una planificacion del uso y
carga del destino y factores de sostenibilidad. Este es un objetivo complejo donde es necesario
encontrar soluciones innovadoras y diversificadas de los productos y servicios del destino.

El turismo influye en diversas dimensiones sociales y econémicas de forma decisiva, y entre
ellas destacan la movilidad y el transporte. La disponibilidad de servicios de transporte es
condicién previa para acceder al destino turistico, asi como para conectar los distintos puntos
de interés del mismo. La relaciéon entre turismo y transporte es, en cierto modo, una relaciéon
de reciproca dependencia, es dificil pensar en el sector turistico sin transporte y viceversa. El
avance y desarrollo del transporte, sus modos, servicios e infraestructuras, y el uso de nuevas
tecnologias, impulsan el desarrollo del turismo [40]. El transporte juega un rol fundamental

en el enriquecimiento de la experiencia turistica, e incluso puede ser un elemento de atraccion

3https://unwto.org/
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2.3 Turismo y transporte 21

turistica por si mismo [80]. Dentro de los productos turisticos ofertados el transporte es una
parte esencial y dependiente, es criticamente valorado por turistas, tanto en el acceso al
destino como para desarrollo de actividades en este. Por ello, las mejoras en la movilidad en
el destino favorecen el desarrollo y calidad de la experiencia turistica.

Actualmente la mayor parte de los turistas y destinos turisticos se encuentran permanen-
temente conectados a Internet. La transformacion digital sufrida por los servicios turisticos y
otras actividades afines y la conectividad tecnologica proporcionan servicios digitales de apoyo
a la toma de decisiones recreativas y de movilidad de los turistas. Previa estancia en el destino,
los turistas usan estos servicios para planificar sus viajes en los dias de estancia haciendo uso
de la informacion de los puntos de interés a visitar y de los servicios de movilidad existentes
en el destino. Esto permite a los turistas optimizar la calidad de la experiencia turistica.
Durante su estancia en el destino, los turistas necesitan estar conectados y hacer uso de estos
servicios digitales para complementar informacion y tomar decisiones en situaciones dinamicas
e imprevistas sobre la planificacion, o por cuestiones de improvisacion o "serendipia" de
nuevos puntos de interés. La capacidad de poder tomar decisiones informadas a través del uso
de servicios digitales en Internet influye en la satisfacciéon del turista. La solucién a muchos
de los desafios que se plantean en turismo y movilidad actualmente tienen como aliado el uso
de las TICs y la transformacion digital.

Asi como los territorios inteligentes fomentan el uso de las TICs para dar servicios a las
personas, los destinos turisticos inteligentes debe promover el uso de los avances de las TICs
con el objetivo de proveer servicios e interactuar con usuarios, turistas, proveedores y otros
actores interesados en el sector. Esto facilita la integracion de servicios y herramientas que
permiten incrementar la calidad de los servicios optimizando la experiencia turistica con un
mejor aprovechamiento de los recursos. De esta forma, los destinos inteligentes mejoran la
calidad de los servicios turisticos ofertados y la eficiencia del uso de recursos e infraestructuras,
incidiendo positivamente en la satisfaccion de la experiencia turistica y la competitividad del
destino y territorio, asi como la de los actores con intereses en el sector.

En este contexto, la movilidad inteligente es una dimensiéon fundamental de los destinos
inteligentes. La movilidad inteligente apoyada en servicios de planificaciéon turistica, analisis
de datos e informacién al turista, para optimizar la movilidad sostenible de los usuarios,
permite dar respuesta dindmica a los cambios y exigencias de estos. En este sentido, los
sistemas inteligentes juegan un rol importante en la satisfaccion del turista, a través de dos
servicios como son, la recomendacion personalizada de puntos de interés y la planificacion
de rutas turisticas en funcion de los puntos de interés recomendados. Concretamente, las
guias turisticas electronicas personalizadas (Personal Electronic Tourist guide, PET) son una
solucion integrada que realiza estos dos servicios en dispositivos moviles [123] [111].

En concreto las tareas de planificacion de rutas turisticas que desempenan los sistemas
PETS pueden ser abordadas como problemas de optimizacion combinatoria. Estos problemas

persiguen definir un conjunto de rutas para cada dia de estancia del turista en el destino con
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el objetivo de maximizar la satisfaccion de la experiencia turistica. Para ello se considera
informacion relativa a tiempos de desplazamiento entre puntos de interés, horarios de apertura
y cierre, tiempos de visita, preferencias del turista respecto de los puntos de interés, entre
otra informacion. Enfrentar este tipo de problemas de optimizacién es una labor compleja que
depende de los requisitos y dimensiones del problema y de la disponibilidad de la informacién.
Es por ello que se recurre a metodologias y técnicas inteligentes para abordar estos problemas
como son las heuristicas, metaheuristicas y otras técnicas de la Soft Computing para la

obtencion de soluciones de alta calidad y tratamiento de la incertidumbre [54].

2.4. Gestion de la cadena de suministro y planificacién de rutas

Las tareas propias de la planificacion logistica y operaciones de transporte han evolucionado
para adecuarse al cambiante y competitivo escenario que predomina en los diversos sectores
productivos. Las decisiones tomadas en torno a las operaciones de transporte son una cuestion
fundamental para la gestion de las cadenas de suministro. Estas decisiones desempenan un
papel vital en el éxito de las cadenas de suministro por diversos factores como son la reducciéon
de costes, optimizacion de uso de recursos, consideraciones medioambientales y mejora de la
calidad del servicio al cliente final. La cadena de suministro puede ser segmentada en tres
ciclos basicos; de adquisicion o aprovisionamiento, de produccion y de distribucién [118]. En

la Figura 2.1 pueden verse los ciclos de la cadena de suministro y cémo se relacionan entre si.
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Figura 2.1 Ciclos de la cadena de suministro

En la toma de decisiones en la cadena de suministro se distinguen tres niveles funda-

mentales de planificacion: estratégico, tactico y operativo [95]. Estos niveles de planificacion
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se diferencian en su dimension temporal y en los diferentes problemas que abordan. Los
problemas de dimension estratégica incluyen decisiones que afectan a largo plazo, relativas a
elementos como el niimero, tamano, ubicacion y capacidad de las unidades de almacenamiento
y transporte. Las decisiones téacticas, abordan problemas a medio plazo, relativas al diseno de
la red de distribucion, la ubicacion y asignacion de zonas y areas de distribucion y la tasa de
suministro. Finalmente la planificaciéon operativa, con un horizonte de planificaciéon a corto
plazo, se encarga del diseno y establecimiento de rutas, organizacién de carga y descarga
de vehiculos, entre otras actividades. Dependiendo de los niveles de planificacion a los que
se atienda es posible encontrar diferentes problemas, que en multitud de casos pueden ser
abordados desde la optimizacion combinatoria. Las decisiones que se toman y los problemas
encontrados dependen de los objetivos, recursos y restricciones o limitaciones fijadas, asi como
de la informacion disponible.

La planificacion y establecimiento de rutas es una de las actividades de mayor importancia
asociadas al transporte [112]. El disefio de rutas de transporte es una parte fundamental de
la toma de decisiones a nivel operativo en la gestion logistica de multitud de actividades,
organizaciones y territorios. El impacto econémico, medioambiental y de calidad servicio de
esta actividad operativa varia considerablemente en funcién de la calidad de las decisiones
tomadas. No obstante, la relevancia y efecto de la planificacion de rutas en los territorios y
organizaciones que la llevan a cabo tiene un alto impacto.

La optimizacion de las tareas de planificaciéon de rutas tienen como resultados la reduccion
de costes y tiempos de desplazamiento, la mejora de la calidad del servicio, la adaptacion
del servicio al cliente y el ahorro energético que contribuye a la sostenibilidad. Abordar las
tareas de planificacion de rutas en las cadenas de suministro como problemas de optimizaciéon
supone considerar multitud de informacién, requisitos y objetivos para modelar el problema.
Generalmente, esto da como resultados complejos problema de optimizacion para los que
la bisqueda de soluciones es una dificil labor que requiere competencias en diferentes areas
de conocimiento y esfuerzos computacionales elevados. Es por ello que para abordarlos
se recurre a herramientas y sistemas inteligentes que hacen uso de metodologias y técnicas
inteligentes propias de la Inteligencia Artificial y de la Soft Computing como son las heuristicas
y metaheuristicas. Estas herramientas permiten automatizar la obtencion de soluciones de
alta calidad en tiempos razonables considerando los requisitos e informacion del problema de

planificacion de rutas en estudio.

2.5. Sistemas inteligentes de planificaciéon de rutas

La computacion inteligente trata de disenar sistemas computacionales que actiien de
forma inteligente. Es decir, sistemas que sean capaces de obtener informacién y conocimiento
del entorno, aplicandolo para adaptar su comportamiento, tomando decisiones y realizando

acciones de control de forma auténoma, asi como que puedan procesar informacioén incompleta,
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con incertidumbre, extraer conclusiones o aprender de ejemplos. Por lo tanto, podemos
considerar que es posible disenar e implementar sistemas inteligentes con las siguientes
capacidades: actuar, organizarse y autocontrolarse de manera auténoma en entornos con
incertidumbre, llevar a cabo procedimientos de analisis, organizacion y conversion de datos
en conocimiento, para aprender, aplicarlos en reducir la incertidumbre y, encontrar y dar
respuestas a objetivos concretos y complejos de forma eficiente. En el 4rea de la computacion
inteligente, la Soft Computing aparece como una familia de métodos y técnicas que se aplican
en el desarrollo de sistemas inteligentes que resuelven problemas reales [142]. Las principales
componentes son el razonamiento aproximado y los métodos de aproximaciéon funcional y
de optimizacion, incluyendo los de busqueda. En un segundo nivel surgen el razonamiento
probabilistico, la logica y los conjuntos fuzzy, las redes neuronales y las metaheuristicas, asi
como todos los modelos hibridos resultado de la combinacién de las componentes anteriores
[129] [131].

Los sistemas de inteligentes aplicados a resolver problemas de transporte, los denominados
sistemas inteligentes de transporte (Intelligent Transport Systems, ITS), tienen un papel
fundamental en la deteccion, transmision y evaluacion de la informacion sobre las operaciones
y servicios de transporte. Estos sistemas atinan tecnologias, infraestructuras y servicios, asi
como métodos y técnicas que se emplean en la planificacion y gestion del transporte de
personas y mercancias. Inteligencia en este caso no es solo disponer de tecnologias, técnicas y
métodos sino también el uso adecuado de las mismas para integrar informacién del entorno,
muchas veces imprecisa, analizar y optimizar el sistema y tomar decisiones mas eficiente. Asi
en logistica y transporte, empresas, vehiculos e infraestructuras intercambian informacion
compleja y los sistemas inteligentes la utilizan para proporcionar soluciones que mejoran el
funcionamiento del sistema de transporte y su servicios.

Los ITS integran sistemas de informacion, sistemas de gestion de flotas y sistemas de
planificacion de rutas, haciendo uso de informaciéon de diversas fuentes del entorno. En la
literatura es posible encontrar abundantes referencias a los ITS, a continuaciéon se indican
algunos. El sistema de guia de ruta para ITS propuesto en 66|, proporciona indicaciones
de conduccion basados en informacion de trafico sobre un origen y un destino haciendo uso
de algoritmos metaheuristicos genéticos. En [116] se presenta un ITS basado en un modelo
dindmico para planificaciéon de rutas que incorpora informacién en tiempo real utilizando
tiempos de viaje variables para la reduccion de costes de transporte. En [76] se encuentra el
disefio y desarrollo de un sistema de guiado de conduccion con el objetivo de reducir los tiempos
de conduccion a través de ITS. En este caso, el nimero de variables necesarias para el calculo
preciso de las indicaciones de conduccién requieren del uso de algoritmos metaheuristicos.
Otro ejemplo se encuentra en [135] en el que se disena un ITS asistido por informacién de
sensores para control de semaforos automaticos en intersecciones con el objetivo de reducir el
tiempo promedio de espera de los vehiculos. La hibridacion de un método de control difuso y

algoritmos metaheuristicos genéticos permiten optimizar el tiempo de espera en los semaforos.
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Un ITS que hace uso de metaheuristicas genéticas y métodos de control difusos con sensores
para controlar automaticamente los semaforos en intersecciones se presenta en [136]. El
objetivo es también la reduccion de los tiempos de espera de los vehiculos en los seméforos. En
[78], se investiga el efecto que los diferentes tipos de inexactitud de informacion, considerando
escasez de fuentes de datos, recopilacién e inexactitud de presentaciéon, pueden tener sobre
el rendimiento de los ITS. El trabajo de investigacion [88] describe las posibles aplicaciones
de ITS que pueden usar vehiculos autonomos destacando el potencial y los desafios de los
ITS habilitados para vehiculos auténomos para los territorios y ciudades inteligentes. En [69]
se propone un sistema de control de trafico para ITS efectivo con la ayuda de la tecnologia
Internet de Vehiculos (Internet of Vehicles, IoV). En este sistema se integra una propuesta de
metaheuristica de colonia de hormigas para encontrar soluciones.

En particular, los sistemas inteligentes para la planificaciéon de rutas se articulan con el
objeto de encontrar e identificar las posibles rutas alternativas eficientes para el transporte. El
sistema tiene que ser capaz de disenar las rutas y seleccionar los recursos y medios disponibles
de manera eficaz, teniendo en cuenta las restricciones impuestas por la organizacion, clientes
y el entorno. Adicionalmente debe evaluar las rutas alternativas de acuerdo a los criterios y
prioridades de los usuarios en términos de costes, tiempos de servicio, calidad, eficiencia, e
impacto ambiental.

Los métodos de optimizacion desempenan un rol fundamental en el disenio de sistemas
inteligentes de transporte para la gestion y planificaciéon del transporte y la movilidad en
general, y para la planificacion de rutas en particular. Los métodos de optimizacion, tanto
exactos como heuristicos, forman parte de los modulos y nucleo de la planificacion de rutas
de estos sistemas. La incorporacion de informacion imprecisa y con incertidumbre es una
linea de trabajo en el desarrollo de estos sistemas, dada la naturaleza de la informacion de
los problemas reales que se abordan. El uso de técnicas y métodos propios de la Inteligencia
Artificial son comunes para modelar la informaciéon y conocimiento, y resolver problemas de
forma automatizada, con cierto aprendizaje y tratando la imprecision e incertidumbre. Entre
algunas de estas técnicas podemos encontrar las técnicas propias de la Soft Computing como
la optimizacion difusa y las metaheuristicas

En general los sistemas inteligentes para apoyar la toma de decisiones complejas relativas
a la planificacién de rutas son demandados en el sistema de movilidad en ciudades territorios
y destinos turisticos. Se trata de ofrecer servicios de movilidad de alta calidad, que optimicen
los recursos disponibles, cumplan con los requisitos de los usuarios, operadores y el entorno, y
tengan en cuenta consideraciones medioambientales y de consumo energético. Existen multitud
de retos que abordar dentro de la investigacion, el desarrollo y la transferencia, relacionados
con el diseno y desarrollo de sistemas de planificaciéon de rutas para proporcionar soluciones
préacticas, eficientes, flexibles, escalables y robustas. Para dar respuesta a los problemas reales
es necesario combinar tecnologias emergentes con conocimientos, metodologias y técnicas de

la Inteligencia Artificial y de la Soft Computing.
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2.6. Problemas de planificaciéon de rutas

Los ITS incluyen entre sus funcionalidades servicios de planificacién de rutas. Estos
sistemas disponen de médulos o componentes que hacen uso de la informacion de diferentes
fuentes dentro del sistema y estan especificamente dedicados a realizar las tareas de diseno
de rutas. Los modulos de planificaciéon hacen uso de modelos de optimizacién que permiten
formalizar el problema a resolver y las técnicas de optimizacion que dan solucion al problema.
La formalizacion de los problemas de optimizacién requiere de la especificacion formal de
parametros, variables y restricciones. Para modelar los problemas de planificacién de rutas
a menudo se usan modelos de optimizacién combinatoria de la clase Mixed Integer Linear
Programming (MILP). Las técnicas de optimizaciéon se dividen en métodos exactos que
garantizan la soluciéon 6ptima al problema y métodos aproximados.

Los problemas de planificacion de rutas han despertado el interés cientifico y académico
desde hace mas de 50 afios |71]. Hasta la actualidad, se han propuesto multitud de enfoques y
formas de abordar estos problemas. A medida que surgen nuevos requerimientos de mayor
complejidad, la comunidad cientifica aborda y busca soluciones apropiadas. En el trabajo de
investigacion de la presente tesis se abordan diferentes tipos de problemas de planificacion de
rutas en los contextos de transporte de mercancias y calidad de servicio, rutas eco-eficientes
para la recogida de residuos y la rutas turisticas personalizadas. En las posteriores subsecciones

se realiza una breve revision centrada en estos problemas de interés tratados.

2.6.1. Problemas de rutas para transporte de mercancias orientados a la
calidad de servicio

Uno de los modelos méas generales para abordar los problemas de planificacion de rutas
de transporte es el denominado Problema de Rutas de Vehiculos ( Vehicle Routing Problem,
VRP), también conocido de manera mas especifica como el problema de rutas de vehiculos
con capacidad limitada (Capacitated Vehicle Routing Problem, CVRP). En este problema
los vehiculos estan ubicados en un deposito central y son utilizados para visitar clientes
dispersos geograficamente y satisfacer las demandas conocidas de los mismos. Cada cliente
debe ser visitado una sola vez por uno de los vehiculos, respetando un tiempo maximo de
ruta, restricciones de capacidad de los vehiculos, y minimizando costos, distancias o tiempos.
El primer antecedente de este modelo, fue el Problema del Viajante de Comercio (Travelling
Salesman Problem, TSP) introducido por Flood en 1956, donde un agente vendedor debe
visitar cierta cantidad de ciudades en un solo viaje, de tal manera que inicie y termine su
recorrido en la ciudad origen.

La primera referencia al problema con varios vehiculos, TSP multiple o m-TSP se encuentra
en [89]. Este es una generalizacion del TSP en la cual se tiene un depoésito y m vehiculos,
es decir m agentes viajeros. El objetivo es construir exactamente m rutas, una para cada

vehiculo, de modo que cada cliente sea visitado una vez por uno de los vehiculos. Cada ruta
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debe comenzar y finalizar en el depodsito y puede contener a lo sumo p clientes. En el problema
m-TSP a cada cliente se le asocia una demanda y cada vehiculo cuenta con cierta capacidad,
asf el problema del agente viajero da origen al problema de rutas denominado VRP [120].

Entre las variantes més conocidas del VRP se encuentra la que incluye las restricciones
de ventana de tiempo asociadas a cada cliente, definiendo un intervalo de tiempo dentro del
cual el cliente debe ser atendido. Este problema es conocido como el Problema de Rutas de
Vehiculos con Ventanas de Tiempo (Vehicle Routing Problem with Time Windows, VRPTW).
El servicio de cada cliente debe empezar dentro de la ventana de tiempo asociada a este y
el vehiculo debe parar en el centro de consumo por instantes de tiempo. En caso de que el
vehiculo llegue antes del tiempo de inicio de la ventana de tiempo, este debe esperar hasta el
instante de inicio. Las ventanas de tiempo estan definidas de tal manera que se asume que
todos los vehiculos salen del centro de distribucion en el instante cero. Es posible considerar
ventanas de tiempo duras en las que no se puede realizar la entrega al cliente fuera de los
periodos establecidos, mientras que en las ventanas de tiempo suaves se permite la entrega
fuera de estos periodos pero con una penalizacion. A partir de articulo seminal de Solomon
en el ano 1987 [109] han aparecido en la literatura multitud de referencias, entre otras las que
incluyen revisiones amplias de los métodos de resolucion de estos problemas [12], [114], [26].

Generalmente el VRPTW persigue la planificacion de las rutas para un periodo fijo, por
ejemplo para un dia de servicio. Otras de las variantes estudiadas, el VRPTW Peri¢dico
(Periodic Vehicle Routing Problem with Time Windows, PVRPTW), disefia las rutas en un
horizonte de planificaciéon extendido, donde los clientes deben ser atendidos durante unos
determinados dias. E1l PVRPTW aparece por primera vez en [33]. Mas recientemente, son
publicados otros trabajos de este modelo como [137], [102], [133]. Se puede encontrar otras
referencias importantes en la literatura acerca de problemas peridédicos de rutas de vehiculos,
sus diferentes variantes y nuevas adaptaciones a problemas del mundo real [52], [60].

Una de las variantes de especial interés para la tesis, centran la atencién en como la
funcion objetivo del VRP maneja los criterios de calidad del servicio y la orientacion al cliente
asociados a servir en el menor tiempo posible. Ejemplos de aplicaciones que consideran este
criterio son la logistica y transporte en situacion de desastres naturales, el transporte escolar,
logistica en servicios de mantenimiento y el transporte de bienes perecederos. En este trabajo se
estudia la percepcion de los clientes cuando miden el rendimiento de las empresas que proveen
servicios de transporte urgente [30] y definiciones de calidad autores ademéas proporcionan
varias escalas de medicion. En la literatura podemos encontrar varios modelos que incorporan
una funcion objetivo que utiliza el criterio de llegar lo antes posible, como son el Problema de
Multiple Viajes de Reparadores (Multiple Travelling Repairmen Problem, MTRP), también
llamado Problema del Repartidor (Delivery Man Problem, DMP) y el Problema de Latencia
Minima (Minimum Latency Problem, MLP) para rutas multiples. Los reparadores visitan un
conjunto de nodos cuyo objetivo es minimizar la latencia total, el tiempo de espera del cliente

o maximizar los ingresos recaudados. Variantes de este tltimo modelo se pueden encontrar en
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estos trabajos mas recientes [82], [104], [96]. También podemos encontrar referencias similares
en el Problema de Rutas de Autobuses Escolares (Bus School Routing Problem, BSRP) es
otro problema que utiliza objetivos similares. Los objetivos en estos problemas son expresados
entre otro como: reducir el tiempo o la distancia que los estudiantes invierten en llegar a la
escuela. La eficacia y el criterio de calidad del servicio se mide por el tiempo total de viaje
que los estudiantes pasan en el autobts. Algunos trabajos que se encuentran en la literatura
con minimizaciéon del tiempo que los estudiantes permanecen en el autobis como indicador
de calidad son [74], [99], [100]. Por altimo considerar otra extension del VRP orientada a la
calidad del servicio que es el CVRP Acumulativo (Cumulative Capacitated Vehicle Routing
Problem, CCVRP), un problema con una funcién objetivo que minimiza los tiempos de llegada
a los clientes sujetos a limitaciones de capacidad del vehiculo. El modelo simplificado de
minimizacién de energfa en los problemas de rutas de vehiculos es equivalente al CCVRP [67].
En la literatura es posible encontrar diferentes propuestas para este problema [106], [83].

En relacién con la reducciéon de los tiempos de servicio se encuentra el transporte de
mercancias perecederas. La calidad de los productos perecederos es dependiente de los tiempos
que van desde la provision y suministro de materias primas hasta el servicio al cliente final.
Los productos frescos y perecederos pierden calidad con el paso del tiempo, tienen un ciclo
de vida corto y exigen dispositivos especificos de conservacion que permiten el sostenimiento
de la cadena de frio. Por ello las operaciones de transporte requieren recogidas y entregas
con premura. Las recogidas y entregas de productos perecederos con retrasos causan pérdidas
derivadas de la degradacion de la calidad del producto. En la literatura es posible encontrar
trabajos relativos a la planificacién de rutas de mercancias perecederas (98], [31], [24], [110],
[65], [84].

2.6.2. Problemas de rutas recogida de residuos

La produccion de residuos esta creciendo en la sociedad actual, convirtiéndose en un
importante problema ambiental [59]. La preocupacién por el medioambiente y el desarrollo
sostenible lleva a dedicar importantes recursos a las politicas y acciones de planificacion
y gestion de residuos. La gestion de residuos es un tema critico para la mayoria de las
regiones y ciudades de todo el mundo [86]. Una gestion eficiente de los residuos reduce los
efectos negativos en el medioambiente y garantiza la seguridad y la calidad de vida de los
ciudadanos. El proceso de gestion implica el manejo del ciclo de vida de varios tipos de residuos
e incluye un conjunto de actividades que van desde la recoleccion hasta el proceso de reciclaje.
Especificamente el proceso de recogida de residuos depositados en contenedores y su posterior
vaciado en las plantas de procesamiento es una de las actividades fundamentales de la gestion
eficiente. En la literatura se encontran diferentes trabajos sobre las operaciones de gestion de

residuos con diferentes enfoques. Uno de los enfoques més extendidos se basa en el tipo de
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residuos a tratar. En este sentido, los tipos principales son los residuos residenciales 53], los
residuos industriales [108], los residuos de atenciéon médica [1] y los residuos reciclables.

La logistica y transporte es una de las actividades con mayor coste e impacto medioam-
biental, producido por las emisiones de CO3 y consumo energético. Esta preocupacion ha
llevado a trabajar y disenar soluciones en este &mbito, surgiendo lo que se denomina como
logistica verde [87]. Una logistica y transporte preocupada por la reduccién del impacto
medioambiental [57|. La planificacion de rutas verdes se considera como una actividad de la
logistica verde que tiene en cuenta explicitamente las externalidades negativas derivadas del
uso de vehiculos con el objetivo de minimizarlas a través de una mejor planificacion [7]. En la
literatura es posible encontrar diferentes variantes del VRP relacionadas con la logistica verde.
Las mas relevantes son el VRP verde (Green Vehicle Routing Problem, GVRP) que tiene como
objetivo minimizar la energia requerida, el problema de rutas de polucion (Pollution Routing
Problem, PRP) que aborda la minimizacion de las emisiones de gases de efecto invernadero,
y el VRP de logistica inversa ( Vehicle Routing Problem in Reverse Logistics, VRPRL) que
esta relacionado con los aspectos de distribucion de logistica inversa [75]. Algunos trabajos
interesantes en la linea de GVRP publicados en los tltimos afios son [73], [103] y [119]. Los
principales objetivos abordados en la literatura son el impacto ambiental [117], el ntmero
de vehiculos [63], el personal requerido [63], la longitud de las rutas de recoleccion [122], el
tiempo total de operacion [3], el balance de las longitudes de ruta realizadas por diferentes
empleados [79], o el costo total del servicio [3]. Una revision exhaustiva de los métodos y
criterios de optimizacion puede ser encontrada en [61] y [113].

El problema tratado en esta tesis aborda la planificaciéon de rutas para la recolecciéon de
residuos de los envases de papel y carton, y los envases y latas de plastico. El objetivo de mini-
mizar la necesidad de extraer, refinar y procesar materias primas contribuye a la reduccion del
impacto medioambiental [36]. Se trata de disenar rutas eficientes que satisfagan los requisitos
de servicio de tal manera que los residentes puedan disponer de un punto depoésito primario
sin interrupcion [97]. También a ayudar a cumplir los objetivos de sostenibilidad y mejorar
la calidad del servicio percibido por los residentes. El objetivo de la planificaciéon abordada
es aumentar la cantidad de desechos reciclables recolectados, priorizando la recoleccion de
aquellos contenedores con el nivel de llenado mas alto y susceptibles de desbordarse. Ademas
de mejorar la planificacién de rutas de acuerdo a métricas ecoeficientes, como el consumo

energético de los vehiculos en la realizacion del servicio.

2.6.3. Problemas de diseno de rutas turisticas

Los turistas que visitan un area turistica, durante uno o varios dias, enfrentan el problema
de seleccionar qué puntos de interés (Point of Interest, POI) visitar y qué rutas disehar para
cada dia de viaje. Previa a la llegada del turista al destino, este debe invertir tiempo y esfuerzo

recopilando informacion sobre los puntos de interés para planificar sus visitas en los dias de
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estadia. En este proceso el turista considera informaciéon como qué puntos de interés visitar, la
duracion de la visita, los tiempos de viaje entre puntos de interés y otros requerimientos para
planificar las rutas turisticas de cada dia. Este problema que toma en cuenta las preferencias
y gustos del turista, asi como la informacién sobre los puntos de interés, es una tarea que
requiere esfuerzo y tiempo.

Este problema denominado el problema de disefio de rutas turisticas (Tourist Trip Design
Problem, TTDP), ha tomado relevancia en la investigacion en los ultimos afios [126]. Los
requisitos y expectativas de los turistas son cada vez mas elevados buscando maximizar el
aprovechamiento del tiempo en el destino visitando los puntos de interés mas relevantes o
que cazan con sus preferencias. Generalmente las empresas organizadoras de viajes proponen
paquetes vacacionales con rutas predefinidas, no obstante a los turistas les resultaria interesante
disenar su itinerario ad-hoc teniendo en cuenta sus preferencias. Un viaje que parece ser
interesante para alguien puede no ser satisfactorio para otros turistas.

En la literatura es posible encontrar un elevado nimero de aplicaciones del TTDP
modelados como problemas de orientacion (Orienteering Problems, OP). En los problemas
de orientacion se dispone de un conjunto de vértices a visitar, los cuales tienen asociado un
coste. El objetivo es determinar el itinerario, limitado en tiempo, que visite algunos vértices y
maximice la suma de las puntuaciones asociados a los vértices visitados. Puede ser considerado
como perteneciente a la familia del conocido problemas de rutas, TSP [4], [68], [5], [29], [72],
[55], [56], [56], [101], [107].

Existen diversas variantes del problema de orientacion, como el problema de orientacion
en equipo (Team Orienteering Problem, TOP), el cual representa la posibilidad de planificar
con varias rutas y encontrar un determinado niimero de caminos simultaneos, o el problema
de orientacion con ventanas de tiempo (Orienteering Problem with Time Windows, OPTW) y
el problema de orientacion en equipo con ventanas de tiempo (Team Orienteering Problem
with Time Windows, TOPTW), modelos donde cada vértice o punto de interés a visitar
tiene restringido o limitado los tiempos en los que esta disponible o pueden ser visitados,
los cuales se aplican en multitud de situaciones reales. Ademas de estos problemas, en la
literatura podemos encontrar otras extensiones asociadas con miultiples restricciones. Una
revision exhaustiva de todos estos modelos, formulaciones y procedimientos de solucién pueden
ser encontrada en [124], el cual ademas incluye referencias a las aplicaciones de estos modelos
y las principales instancias usadas en la literatura.

Se han propuesto varios métodos de solucion exactos y heuristicos para abordar el TOP.
Enfoques exactos basados en la generacion de columnas se han propuesto en [28] [11]. Un
método aproximado ha sido propuesto en [9]. El primer algoritmo greedy se ha propuesto en
[27]. Y maés recientemente, se han presentado varias metaheuristicas en la literatura como:
la busqueda taba (Tabu Search, TS) [115] [2], algoritmos meméticos [10] y optimizaciéon por

enjambre de particulas (Particle Swarm Optimization, PSO) [93|. El método actual més
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avanzado en términos de eficiencia y eficacia computacional es la busqueda de vecindad grande
(Large Neighbourhood Search, LNS) [134].

El problema de orientaciéon en equipo con ventanas de tiempo (TOPTW) es adecuado
para describir el problema de disefio de rutas turisticas (TTDP) en el que, por lo general, los
puntos de interés se caracterizan por tener un horario en el que ser visitados. Debido a la
complejidad computacional del problema, la mayor parte de los trabajos sobre este modelo son
tratados con algoritmos heuristicos y metaheuristicos. Una metaheuristica de busqueda local
fue presentada en [70], mientras que [77] propone un recocido simulado (Simulated Annealing,
SA) y un procedimiento de busqueda voraz aleatoria adaptativa (Greedy Randomized Adaptive
Search, GRASP) hibridizado con algoritmos evolutivos. En [125] se propone una busqueda
local iterada (Iterated Local Search, ILS). Se ha abordado una extension con ventanas de
tiempo miltiple en [121]. Montemanni y Gambardella [91] resuelven el problema de orientacion
en equipo con ventanas de tiempo (TOPTW) utilizando una metaheuristica bioinspirada,

basada en sistemas de colonias de hormigas (Ant Colony Systems, ACS).

2.7. Soft Computing

Soft Computing es un area de la Inteligencia Artificial que atina, entre otros, un conjunto
de métodos y técnicas que contemplan la imprecision e incertidumbre de informacion en la
resolucion de problemas reales y practicos, asi como los métodos de resoluciéon aproximados,
heuristicos y metaheuristicos a estos problemas. Se trata de un enfoque opuesto al tradicional
Hard Computing, en el que se hacen uso de herramientas y técnicas exactas y modelos
mateméticos tradicionales para abordar los problemas. El término Soft Computing es acufiado
por Zadeh en 1994 [139], no obstante, las ideas basicas que subyacen en la Soft Computing
tienen vinculos con influencias anteriores, entre ellas el origen de los conjuntos difusos [138],
el anlisis de sistemas complejos y procesos de decision [140] y la teoria de la posibilidad y
analisis de datos blandos [141]. La incorporacion de las redes y computacién neuronal, asi como
la computacion bioinspirada y las metaheuristicas llegd posteriormente. Asi, Soft Computing
estd compuesto por un grupo de métodos y técnicas como son, el razonamiento probabilistico,
los sistemas de logica y conjuntos difusos, la neurocomputacion y redes neuronales, y la
computacion evolutiva donde se incluyen los algoritmos genéticos [130]. Posteriormente se
ha identificado la relevancia de técnicas y métodos relativos a sistemas bioinspirados y otras
técnicas heuristicas y metaheuristicas para resolucion aproximada de problemas, lo que hace
de estas una componente més de la Soft Computing [131]. La Soft Computing se nutre de la
combinacion de los métodos y técnicas que lo componen. La complementariedad y sinergias
entre estos, potencia la capacidad de resolucién de problemas en la mayoria de situaciones. Es
usual por tanto, encontrar en la literatura aplicaciones de la hibridaciéon de multiples técnicas

para mejorar la resolucion de problemas complejos.
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Las metodologias contenidas en Soft Computing desempefian un rol clave en la definicion
de modelos para tratar informacién imprecisa, vaga o la ausencia de la misma, introduciendo
expresiones lingiiisticas y medidas cualitativas para la resoluciéon de problemas complejos de
dificil resoluciéon desde una perspectiva computacional. Estos mecanismos permiten evitar la
simplificacién que habitualmente se realiza en el desarrollo de modelos para abordar problemas
reales [85]. Los sistemas de logica y conjuntos difusos ofrecen las herramientas necesarias
para tratar este tipo de flexibilidad e incertidumbre en la informacién de los problemas,
y que es fruto de la naturaleza ambigua e imprecisa del mundo tal y como lo conocemos.
Estas herramientas en combinacién con técnicas metaheuristicas para abordar problemas
de optimizacién combinatoria, permiten afrontar problemas de optimizaciéon complejos del
mundo real que presentan informacién imprecisa, estimar y evaluar alternativas de solucion, y
decidir una solucion al problema efectiva en tiempo y coste moderados a través de téacticas
que hacen uso de conocimientos del problema. El uso de las metaheuristicas permite afrontar
problemas de optimizacién desde una perspectiva suave o relajada en relacion con la Soft
Computing, en contraposicion a la computacion tradicional o Hard Computing. La inclusion de
las metaheuristicas en Soft Computing ha permitido dar solucién a problemas cuya resoluciéon
no es posible a través de métodos analiticos tradicionales y potenciar las capacidades de
resolucion de problemas complejos a través de la sinergia producida de la hibridaciéon entre

las diferentes técnicas de Soft Computing [131].

2.7.1. Meétodos de optimizacion difusa

Los conjuntos y sistemas difusos son usados con el objetivo de construir sistemas inteligentes
para resolver problemas de decisién y optimizacion cuyo modelado es dificil de definir con
precision, gestionando la incertidumbre y la imprecision de la informacién disponible, asi como
de la formulaciéon de preferencias, restricciones y objetivos expresados por los decisores. Si hay
imprecision en algunos de los componentes de la formulacion del problema de optimizacion
y es posible expresarlo en términos difusos, entonces el problema debe enfrentarse como un
problema de optimizacion difusa. Los debates sobre las soluciones a obtener no se centran
en su factibilidad, ni su optimalidad de forma estricta. Se opta por analizar y discutir el
grado de factibilidad y optimalidad de la solucién. Bellman y Zadeh [8] son los autores que
en 1970 introdujeron los fundamentos de los problemas de optimizacion difusa, donde los
objetivos y las restricciones pueden definirse de manera imprecisa y caracterizarse mediante
el uso de funciones de pertenencia como los conjuntos difusos. Esta aproximacion requiere
que la formulacion y las soluciones a los problemas se aborden adecuadamente haciendo uso
de representaciones de niimeros difusos y sus operaciones.

Un problema de optimizacién se puede describir como la btisqueda de los valores de las
variables de decision especificas para que la funcion objetivo identificada alcance su méaximo

(o minimo). El valor de las variables esta sujeto a las restricciones establecidas por una
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funcién. En estos problemas, las funciones objetivo se definen sobre un conjunto de soluciones.
Cuando algunos de sus componentes se consideran difusos, nos enfrentamos a un problema de
optimizacion difusa. Entre todos los problemas de optimizacion, los de programacion lineal
son aquellos cuya funcién objetivo y restricciones son expresiones lineales de las variables de
decision. La programacion lineal difusa (Fuzzy Linear Programming, FLP) constituye la base
para resolver problemas de optimizacion difusa y sus métodos de solucion han sido objeto de
muchos estudios en el contexto difuso. Se pueden considerar diferentes modelos de FLP de
acuerdo con los diferentes componentes que pueden ser difusos [128|. Estos modelos pueden
resolverse de forma directa y sencilla, obteniendo soluciones coherentes con su naturaleza
difusa.

a) Modelos con restricciones difusas. En este caso, existe una cierta tolerancia en el
cumplimiento de las restricciones y, en consecuencia, la region factible se puede definir como
un conjunto difuso. En particular, Verdegay [127] utilizando el teorema de representacion
para conjuntos difusos, demuestra una solucién que se puede obtener del modelo auxiliar
donde al término de la derecha (los recursos) se le anade un término paramétrico conocido
como tolerancia.

b) Modelos con costes difuso. En este caso, el modelo esta descrito de la misma forma que
el problema lineal pero donde los coeficientes de la funcion objetivo o costes son nimeros
difusos descrito por la funcion de pertenencia correspondiente. En [38] se prueba que la
solucién puede obtenerse con el modelo auxiliar multiobjetivo. También es posible hacer uso
de un método simple considerando soluciones difusas que se resuelven con la aplicacion de
una funcion ordenadora para las restricciones [64].

¢) Modelos con coeficientes difusos en las restricciones. Este modelo considera un problema
donde los valores de la matriz tecnologica y los coeficientes son nameros difusos y se describen
por su funcion de pertenencia correspondiente. Delgado et al. [37] también incluye imprecision
en las restricciones. Proponen considerar soluciones difusas que se resuelven con la aplicacion
de una funcion ordenadora h para las restricciones. La nueva formulacion se expresa mediante
el modelo lineal auxiliar donde la relacion de comparacion que aparece en las restricciones es

entre nameros difusos y las tolerancias son de naturaleza difusa.

2.7.2. Heuristicas y metaheuristicas

En Inteligencia Artificial el término heuristico se emplea para hacer referencia a procedi-
mientos y técnicas que emplean conocimiento de forma inteligente para proveer soluciones de
calidad a problemas consumiendo recursos de forma eficiente. En relaciéon a la resolucion de
problemas de optimizacion, las heuristicas y metaheuristicas buscan dar soluciéon a problemas
con una perspectiva diferente a los métodos exactos que persiguen la buisqueda de la solucion
optima. En los procedimientos heuristicos se tiene un alto grado de confianza en encontrar

soluciones de alta calidad empleando recursos computacionales razonables sin garantizar
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la optimalidad de la soluciéon de un problema. En el diseno de heuristicas existen métodos
especificos y ad hoc en estrecha relacion con el problema a resolver y otros méas generales. Los
métodos especificos hacen uso de toda la informaciéon disponible acerca del problema y del
modelo para garantizar una alta eficacia y rendimiento en la resoluciéon. Por otra parte, los
métodos generales se presentan como técnicas més robustas y adaptables a diversos problemas
por su sencillez procedimental.

Las metaheuristicas son técnicas generales que, a diferencia de las heuristica, no hacen uso
de conocimiento propio del problema para su resolucién. Las metaheuristicas son la evoluciéon
o siguiente paso de los procedimientos heuristicos hacia estrategias inteligentes para mejorar
procedimientos heuristicos generales incrementando su rendimiento y efectividad. El concepto
de metaheuristica surgié primordialmente a propuesta de Fred Glover en 1986 [58] pero ha
evolucionado en base a diferentes concepciones y propuestas para disenar procedimientos
inteligentes en la resoluciéon de problemas. Es posible encontrar un amplio ntimero de tipos
bésicos o generales de metaheuristicas, a lo largo de esta seccion se citaran solo aquellos
concernientes a las técnicas metaheuristicas empleadas en las contribuciones de la presente tesis.
En este sentido los tipos de metaheuristicas generales que se consideran en esta subseccion
son; metaheuristicas constructivas, metaheuristicas de bisqueda y metaheuristicas evolutivas.

Las metaheuristicas constructivas generan las soluciones al problema adhiriendo nuevos
elementos de forma iterativa a la solucion, previo anélisis de la calidad de un conjunto de los
elementos candidatos a formar parte de la soluciéon. Este tipo de metaheuristica se caracterizan
por la estrategia utilizada para seleccionar los elementos que se incluiran en la solucion del
problema. Una de las estrategias bien conocidas en el campo es la greedy o voraz, que conlleva
la seleccion de los elementos que mejores resultados proveen en el momento de seleccion,
sin considerar una estrategia o visiéon a largo plazo. Por otra parte, las metaheuristicas
de bisqueda son uno de los tipos de metaheuristicas mas significativos, estas determinan
estrategias para explorar el espacio de soluciones del problema modificando iterativamente
soluciones de partida. En este sentido, las busquedas locales son uno de los tipos méas bésicos
que fundamentan su estrategia en la exploraciones de soluciones del vecindario o entorno de
la solucién inicial.

La metaheuristica de procedimiento de busqueda voraz aleatoria adaptativa (Greedy
Randomized Adaptative Search Procedure, GRASP) combina las caracteristicas de los dos
tipos de metaheuristicas descritas; constructivas y de busqueda. GRASP es un framework
metaheuristico que se caracteriza por disponer de dos fases que se ejecutan secuencialmente
de forma iterativa [105]. La primera fase se trata de un proceso constructivo voraz en el
que se construye una solucién inicial introduciendo en cada iteraciéon un nuevo elemento en
la solucién seleccionado desde una lista de candidatos. En la segunda fase se mejora esta
solucioén inicial a través de una metaheuristica de busqueda local. A lo largo de las diferentes
aportaciones de la presente tesis, el GRASP es una metaheuristica frecuente como framework

de referencia para dar solucion a diferentes problemas de planificacion de rutas. La simplicidad
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de su estructura permite introducir mecanismos de mejora en la selecciéon de candidatos a
formar parte de la solucion. Algunos de estos mecanismos propuestos consideran versiones
difusas del GRASP y la introduccion de sesgo o bias en la seleccion de candidatos a través de
diferentes funciones.

Dentro de las metaheuristicas de busqueda, y con el afan de superar algunos inconvenientes
existentes en las biisquedas locales se proponen las biisqueda globales. Las busquedas globales
pretender dar solucién al inconveniente de quedar atrapado en una soluciéon localmente 6ptima
de la que una busqueda local no podria escapar. Existen diferentes estrategias de biisqueda
globales, pero centrando la atenciéon en las empleadas a lo largo de la tesis, la busqueda por
entornos variables (Variable Neighborhood Search, VNS) [62] es una metaheuristica frecuente
en las aportaciones de esta tesis. Su principio béasico es el cambio sistematico de estructura de
entornos en la exploracion del espacio de soluciones para evitar quedar atrapado en 6ptimos
locales. La version estandar VNS busca una solucién del entorno de la solucién inicial, para
ello ejecuta una busqueda monétona local hasta alcanzar una solucién 6ptima local, que
sustituird a la solucion actual si la mejora y cambia de estructura de entorno en otro caso.
El caso particular de la busqueda descendente por entorno variables ( Variable Neighborhood
Descent, VND) ejecuta una busqueda monétona por entornos pero variando sisteméticamente
la estructura de entornos cuando se detiene en minimos locales.

El ultimo de los tipos de metaheuristicas generales tratado, es de las metaheuristicas
evolutivas en las que se siguen estrategias para guiar la exploracion del espacio de busqueda
a través de conjuntos de soluciones, normalmente llamados poblaciones, con el objetivo de
alcanzar la solucién 6ptima con estos elementos. El mecanismo clave de las metaheuristicas
evolutivas es la capacidad de interaccion entre los elementos poblacionales. Los diferentes tipos
de metaheuristicas evolutivas se diferencian principalmente por la forma en que se combinan
dichos elementos. En las contribuciones de esta tesis, algunas metaheuristicas evolutivas
han sido propuestas para dar solucién a problemas de planificacién de rutas. Entre ellas
encontramos la evolucion diferencial (Differential Evolution, DE) [35] que evoluciona una
poblacién de soluciones candidatas a través de operaciones de recombinaciéon y mutacion para
generar nuevas soluciones que seran escogidas en funcion de su bondad. Existen diferentes tipos
de metaheuristicas evolutivas, una de las mas influyentes son las metaheuristicas genéticas.
En relacion a este tipo de metaheuristicas y las aportaciones de la tesis, se ha propuesto el uso
de una version particular de una metaheuristica genética de enjambre de particulas (Particle
Swarm Optimization, PSO) [143]. Originalmente la metaheuristica PSO permite generar
soluciones a un problema a partir de una poblacion de soluciones candidatas. Asumiendo cada
solucién como una particula, estas se mueven por el espacio de busqueda en funciéon de dos
caracteristicas, su posicion y su velocidad. El movimiento de las soluciones se ve influenciado
por diferentes factores como el mejor valor de funcién objetivo o posicion local encontrada,
la mejor posicion global encontrada por el resto de particulas que exploran el espacio de

busqueda, entre otros factores. La dindmica es guiar el enjambre de soluciones para que
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converja hacia las soluciones de mayor calidad. En las contribuciones de la presente tesis se

hace uso de una particular version discreta del PSO (Jumping Frogs Optimization, JFO).
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Capitulo 3
Investigacion

El presente capitulo expone la descripcion de los articulos que componen el compendio de

publicaciones de la tesis.

3.1. Quality of Service Objectives for Vehicle Routing Problem

with Time Windows

Esta seccion hace referencia al articulo que forma parte del compendio de esta tesis y se

encuentra en el Apéndice A. La referencia completa es presentada a continuacion:

= Airam Exposito-Mérquez, Julio Brito-Santana, José Andrés Moreno-Pérez, Christopher
Exposito-Izquierdo (2019). Quality of service objectives for vehicle routing problem
with time windows. Applied Soft Computing, volume 84, 105707, ISSN 1568-4946.
https://doi.org/10.1016/j.as0¢.2019.105707

3.1.1. Resumen

Este trabajo propone una extension del VRPTW considerando la calidad de servicio desde
la perspectiva del cliente. El modelo propuesto, denominado Quality of Service VRPTW
(Quality of Service Vehicle Routing Problem with Time Windows, QSVRPTW), corresponde
a un problema de planificacion de rutas que reduce el tiempo de servicio de los clientes. El
problema incluye las restricciones del VRPTW, pero incorpora diferentes funciones objetivos
destinadas a optimizar la calidad del servicio. La calidad de servicio se entiende como la
minimizacion de los tiempos de servicio al cliente dentro de su ventana de tiempo.

Dada la pertenencia del QSVRPTW a la clase N'P-hard, los enfoques de solucién apro-
ximados se identifican como métodos prometedores para obtener soluciones de alta calidad
empleando una cantidad de recursos computacionales reducida. En este sentido, se propone
una metaheuristica hibrida que combina GRASP-VNS y una metaheuristica DE para generar

soluciones de alta calidad. Adicionalmente se propone la resolucion exacta de la formulacion
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MIP del QSVRPTW con propésitos comparativos. La experimentacion computacional de-
muestra que la propuesta algoritmica es efectiva para proporcionar soluciones de alta calidad
para instancias de problemas cléasicos en tiempos de coémputo razonables. El objetivo de la
experimentacion es la comparacion de las diferentes funciones objetivos definidas para evaluar

la calidad de servicio.

3.1.2. Objetivos de investigaciéon

La funcion objetivo mas comunmente abordada en problemas de planificacion de rutas de
mercancias es la minimizacion de costes operativos totales. Sin embargo, el principal objetivo
de esta investigacion es presentar un problema de planificaciéon de rutas de mercancias que
persigue mejorar la calidad del servicio prestado a los clientes. Entendiendo la calidad del
servicio como la reduccion de los tiempos de servicio al cliente dentro de su ventana de
tiempo. En consecuencia, se presenta el QSVRPTW, que incorpora la calidad de servicio
como funcion objetivo con tres métricas alternativas. Debido a la complejidad computacional
de este problema se propone un enfoque metaheuristico para abordar el QSVRPTW.

Los objetivos principales de esta investigacion se resumen a continuacion:

= Presentar una nueva extension del VRPTW cuyo objetivo es responder a la mejora de

la calidad del servicio en el transporte de mercancias.

= Proponer un modelo matematico destinado a resolver el problema de optimizacion bajo

analisis.

= Presentar un enfoque de soluciéon que combina los beneficios del GRASP y la VNS para
resolver el QSVRPTW.

= Analizar el impacto de varias métricas para evaluar la planificacion de rutas de mercancias

en términos de calidad del servicio prestado.

3.1.3. Metodologia

La motivacion de introducir un modelo para planificacién de rutas que considere la calidad
de servicio tiene su origen en una falta de referentes claros en la literatura. El primer paso
de esta investigacion fue el estudio y analisis de la literatura cientifica de problemas de
planificaciéon de rutas que consideraran la calidad del servicio prestado como su objetivo.
La busqueda de la literatura se acotd para aquellos problemas de optimizacion relativos al
VRPTW, lo que permiti6 limitar el estudio de la literatura a un amplio subconjunto de
problemas.

En el estudio de la literatura se detectaron que los problemas estudiados no incorporaban
las ventanas de tiempo de los clientes en su propuesta de métricas y funciones objetivo de

calidad de servicio. Esta ausencia se toma en cuenta como una forma de proveer nuevas
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extensiones del VRPTW més realistas en cuanto a la calidad del servicio desde el punto de
vista del cliente. Por lo que se procedi6 a formalizar el problema teniendo en cuenta tres
nuevas métricas de calidad de servicio en la funciéon objetivo.

Para resolver el problema se implementé un modelo MIP en IBM ILOG CPLEX 12.6 y
algunas técnicas metaheuristicas. El enfoque de solucion aproximado se basé en el diseno
de un GRASP-VNS hibrido disefiado para el problema e implementado en Java Standard
Edition 8 y una metaheuristica DE implementada en el framework jMetal [39].

La experimentacion computacional tiene como objetivo la comparativa entre las diferentes
métricas de calidad propuestas en el modelo del QSVRPTW. No obstante, previa a esta
comparativa se procedié a determinar qué enfoque de soluciéon metaheuristico se comporta
mejor. Para determinar la bondad de las metaheuristicas previamente se realizé un estudio
del impacto de los valores de los parametros en el rendimiento de las metaheuristicas. En
el siguiente paso se realizdé una comparativa entre el rendimiento del método exacto y la
metaheuristica GRASP-VNS hibrida. Por ultimo, se extendio la experimentacion para estudiar
y comparar las funciones objetivo propuestas con el nuevo concepto de calidad de servicio.

Con el objetivo de difundir los resultados y progresos realizados, asi como los modelos y
métodos de resolucion propuestos, se presentaron los mismos en diferentes congresos nacionales
e internacionales. Finalmente los resultados concluyentes de la investigacion fueron publicados

en una revista internacional de alto impacto del area temaética.

3.1.4. Resultados obtenidos y conclusiones finales

La principal contribucion de esta investigacion es la propuesta de una nueva extension
del VRPTW que considera la calidad del servicio definida a partir de la ventana de tiempo,
formulando tres funciones objetivo para ello.

La experiencia computacional demuestra el buen rendimiento de la propuesta GRASP-VNS
hibrida para resolver el QSVRPTW, con instancias clasicas de la literatura en un tiempo
razonable obtiene soluciones de alta calidad. Ademas el procedimiento propuesto presenta
mejor rendimiento general que la resolucion del modelo MIP de forma exacta y que otras
metaheuristicas como DE. Con respecto a la comparativa con la resolucion exacta del modelo
MIP, los resultados muestran diferentes situaciones en las que el GRASP-VNS hibrido tiene
mejor rendimiento que CPLEX. Sin embargo, hay algunos casos en los que CPLEX puede
obtener la solucion 6ptima en menor tiempo que la GRASP-VNS, y estos casos coinciden con
los de instancias de tamano inferior.

Los resultados comparativos muestran que DE no es capaz de encontrar soluciones
factibles para las instancias del problema bajo analisis, incluso estableciendo grandes tiempos
de ejecucion. Por lo que se propuso considerar aquellas soluciones infactibles generadas

por DE que mas cerca se encuentren de ser factibles. Esto se tradujo en medir el grado
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de incumplimiento de las restricciones del problema. En este sentido, se comprob6 que las
restricciones mas desafiantes son las de ventanas de tiempo.

Por ultimo, con respecto a la comparativa entre las diferentes funciones objetivo propuestas,
un analisis de los resultados muestra que, en la mayoria de los casos las mejores soluciones
cuando se optimiza con una funcién objetivo dada coinciden con las mejores soluciones para
las funciones objetivo restantes. Esta observacion es razonable, dado que hay componentes
comunes a las diferentes funciones objetivo. En aquellos casos en los que las mejores soluciones
para cada una de las funciones objetivo no coinciden, es apreciable que la funcién objetivo
fr(5) presenta mejores resultados promedios en distancia y porcentaje de ventana de tiempo
del cliente que las otras funciones objetivo. En general, parece que la funcion objetivo fr(5)
presenta un mejor rendimiento que las otras.

Para el desarrollo de investigaciones futuras, se abren varias lineas de trabajo. Una de las
lineas es la integracion del QSVRPTW en el proceso completo de optimizacion de entrega
de mercancias proporcionando un enfoque holistico de esta actividad. Abordar el dinamismo
del entorno en la planificacién de rutas dado por situaciones como por ejemplo la llegada de
nuevos pedidos, fluctuaciones de los tiempos de desplazamiento, entre otros, es otras de las
lineas de trabajo futuro propuestas. Por altimo, la combinacion de optimizacion y simulacion
es una via futura interesante para abordar la naturaleza estocéstica de este problema llevado

a la practica en escenarios reales.

3.2. Greedy Randomized Adaptive Search Procedure to De-

sign Waste Collection Routes in La Palma

Esta seccion hace referencia al articulo que forma parte del compendio de esta tesis y se

encuentra en el Apéndice B. La referencia completa es presentada a continuacion:

= Airam Exposito-Marquez, Christopher Exposito-Izquierdo, Julio Brito-Santana, José
Andrés Moreno-Pérez (2019). Greedy randomized adaptive search procedure to design
waste collection routes in La Palma. Computers & Industrial Engineering, volume 137,
106047, ISSN 0360-8352. https://doi.org/10.1016/j.cie.2019.106047

3.2.1. Resumen

Este trabajo soluciona un problema real de planificacion de rutas para la recogida de las
fracciones de residuos azul ( envases de papel y carton) y amarilla (envases de plastico). El
problema se enmarca en un proyecto de transferencia cuyo escenario geografico se sitia en la
isla de La Palma (Islas Canarias, Espafia). La planificacion se modela como un problema de
optimizaciéon denominado problema de rutas de vehiculos ecoeficiente (Eco-efficient Vehicle
Routing Problem, Ee-VRP) formalizado a través de un modelo MIP. El objetivo de optimizacion

es maximizar el volumen de residuo recolectado recogiendo aquellos contenedores con el nivel
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de llenado maés alto y susceptibles de desbordarse, de forma que minimice el impacto ambiental
y evite el desbordamiento de contenedores en las vias publicas.

Debido a la complejidad del problema y a su pertenencia a la clase N'P-hard, se propone
para su resoluciéon una metaheuristica basada en GRASP que obtiene soluciones en el escenario
practico abordado. La logica del procedimiento es aumentar la cantidad de desechos reciclables
recolectados, priorizando la recoleccion de aquellos contenedores con el nivel de llenado mas
alto. Previamente, se realiza una estimacion del nivel de llenado de los contenedores a través
del analisis de datos histéricos. Los experimentos computacionales revelaron que la técnica
de optimizacién propuesta es efectiva y eficiente, mejora el proceso de recolecciéon actual de

acuerdo con varios indicadores que miden la ecoeficiencia.

3.2.2. Objetivos de investigaciéon

El proyecto de transferencia tecnolégica y de investigacion del que forma parte se denomina
“Evaluaciéon y disenio de rutas de recogida de residuos y envases en contenedores de los
municipios de la isla de La Palma”. Los agentes publicos y privados que participan en la
mejora del reciclaje de residuos en La Palma estan interesados en la eficiencia de la recoleccion
de residuos. El objetivo principal del proyecto es evaluar y analizar las estrategias y recursos
dispuestos actualmente en la recoleccion y transporte de dos fracciones de desechos reciclables
en La Palma: la fraccion azul de envases de papel y cartéon y la fraccion amarilla de envases de
plastico y latas. La organizacién que en Espana se dedica a recuperacion de envases y patrocina
la investigacion, tiene el objetivo estratégico de aumentarla cantidad de envases recuperados a
largo plazo y motivar a los ciudadanos a realizar esta actividad. La informacién que dispone la
organizacion sefiala que una de las principales razones que desalienta al ciudadano a reciclar
es encontrar los contenedores de reciclaje llenos o desbordados.

Esta investigacion pone el foco de atencion en los siguientes objetivos practicos:

1. Ofrecer soluciones 6ptimas de planificaciéon de rutas de recogida y transporte de las

fracciones azul y amarilla de residuos en la isla de La Palma.
2. Modelar y formular el problema actual de la recogida de envases.
3. Resolver el modelo de optimizacién con una metaheuristica simple y adecuada.

4. Evaluar el enfoque de soluciéon propuesto comparando la planificacion actual con los

resultados obtenidos por la técnica de optimizacién propuesta.

3.2.3. Metodologia

Inicialmente en el proyecto se defini6 una estrategia de recogida de informacion sobre
los requisitos del problema. Para ello, se realizaron diversas reuniones y entrevistas, tanto

presenciales como virtuales, con la entidades responsables y que participan en los procesos
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de gestion, recogida y recuperacion de residuos. También se realizaron visitas y reuniones en
los centros de trabajo de las empresas recogida, transporte y almacenaje intermedio para
reconocer como se realizan la planificacion y la gestion de operaciones en la isla. Otras
entidades gubernamentales, asociaciones y terceros involucrados e interesados en el proceso
de recogida de residuos participaron en estas reuniones para conocer los detalles del proceso,
necesidades y demandas.

Realizada la elicitacion de requisitos, se procedié al estudio de la literatura cientifica.
Se identifican y determinan los modelos de optimizacion para la planificacion de rutas de
recogida de residuos y los métodos de resolucion, especificamente aquellos que consideraran
aspectos medioambientales en su modelo. A continuacion se procedié a la especificacion y
formalizacion del problema de optimizacion. Para ello se propuso una formulacién matematica
del Ee-VRP que recoge los requerimientos y restricciones identificados.

En la siguiente fase se abordaron diferentes cuestiones relativas al disefio e implementacion
del método de solucion y la informaciéon necesaria para encontrar soluciones. Uno de los
aspectos clave fue la seleccion del subconjunto de contenedores que recogera la flota de vehiculos
cada dia y que depende del nivel de llenado de los contenedores. La soluciéon selecciona el
subconjunto con mayor nivel de llenado para priorizar su recogida. Los contenedores de la
isla no se encuentran sensorizados, por lo que el nivel de llenado se estima en base a los
datos historicos disponibles. EL proceso desarrollado fue calcular una tasa de llenado para
cada contenedor en funcién de los datos historicos. Se asume que los contenedores se llenan
linealmente en el tiempo con tasas heterogéneas. En funcion de la tasa de llenado de cada
contenedor, se estima su nivel de llenado una vez que se depositan los residuos durante un
nimero de dias desde la ultima recoleccion. Otra cuestion importante fue la obtencién de
los datos de tiempos de desplazamiento entre puntos de localizacién de los contenedores
(los puntos de recogida). En la base de datos historicos proporcionada por la empresa solo
existian tiempos de desplazamiento entre puntos de recogida visitados consecutivamente en
rutas previas. No se disponia de los tiempos de desplazamiento reales entre todos los pares de
puntos de recogida. Ademés hay tiempos de viaje entre localizaciones que no son fiables o
contienen errores. Para resolver este tltimo aspecto, se calculan los tiempos haciendo uso del
API Distance Matrix de Google Maps Platform. A estos tiempo obtenidos se les aplic6 un
factor de correccion y anadio, el tiempo de la operacion de recoleccion en funcion del niamero
de contenedores en cada localizacion. El factor de correcciéon se obtuvo de la relacion entre
la muestra de tiempos de viaje almacenados en la base de datos historicos y los tiempos de
viaje proporcionados por Google Maps Platform para los mismos pares de puntos.

Con la informacion de entrada necesaria para aplicar los método de resolucion, se abordan
el diseno de los métodos propuestos para la obtenciéon de rutas para la flota de vehiculos
disponibles y para cada dia dentro del horizonte de planificacién. La primera alternativa se
basé en el marco general de la metaheuristica GRASP, en la que se incorpora una heuristica

Lin-Kernighan en la fase de mejora de las soluciones. Adicionalmente se implement6 el modelo
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MIP del Ee-VRP en IBM ILOG CPLEX 12.6. Dado que los niveles de llenado diarios dependen
de los contenedores recogidos los dias anteriores, el modelo resultante no era de programacion
lineal, por lo que se consider6 el modelo reducido correspondiente a un solo dia. En este
caso, se conoce el nivel de llenado de los contenedores y el modelo matematico es lineal. Una
vez que se obtiene la solucién proporcionada por CPLEX para el primer dia, se actualiza el
nivel de llenado de los contenedores para el segundo dia y CPLEX resuelve el problema para
el segundo dia. Este proceso se repite durante los dias siguientes hasta que se completa el
horizonte de planificacion.

Para evaluar el rendimiento de las técnicas de optimizacion propuestas se realiz6 una
comparacion entre las soluciones obtenidas de las soluciones exactas del modelo diario dadas
por CPLEX y las soluciones obtenidas aplicando la metaheuristica. Los resultados dejan
constancia de los inconvenientes del uso de la resolucion exacta del modelo diario, en la que se
obtienen soluciones de peor calidad que la propuesta de solucion metaheuristica, con respecto
al nivel medio de llenado de los contenedores recogidos y al tiempo computacional empleado.
Con el objetivo de comparar la planificacion obtenida por el método de soluciéon metaheuristico
propuesto y la planificaciéon realizada por la empresa operadora, se seleccion6 un periodo de
planificacion previamente realizado de una semana de tiempo. Las planificaciones realizadas
por la empresa operadora presentaban un mayor nimero de rutas por semana y un mayor
ntmero de horas de trabajo en comparacion con las establecidas en el método de resolucion.
Estas condiciones persiguen una reduccion de los costes laborales a medio plazo.

Para la difusion de los resultados parciales se presentaron en diferentes congresos nacionales
e internacionales a medida que se desarrollaba la investigaciéon. Los resultados finales se
publican en una revista internacional de interés para el tema propuesto y con alto impacto en

el area.

3.2.4. Resultados obtenidos y conclusiones finales

Como demuestran los resultados de la experimentacion, se obtiene una mejora en los
diferentes indicadores que miden la ecoeficiecia propuestos conjuntamente con la organizacion
responsable de la recuperacion de envases. Concretamente se reduce el tiempo de operacion, el
consumo de combustible y las emisiones producidas por los vehiculos mientras se mantienen
e incluso mejoran los niveles de llenado de los contenedores en las tareas de recoleccion. A
pesar de la diferencia de carga de trabajo en la comparativa realizada, la distancia recorrida
por los vehiculos aumenta a pesar de la reducciéon de las horas de trabajo. Este hecho esta
motivado por la seleccion de contenedores a recolectar con un nivel de llenado més alto con
independencia de la distancia a la que se encuentren ubicados. Adicionalmente, los resultados
muestran que el nivel de llenado de los contenedores recogidos es superior en la solucion
propuesta, a pesar de la reduccién en el tiempo y el ntimero de rutas a realizar. En base a

estos datos, los vehiculos aumentan su productividad durante el proceso de recoleccion. En
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cuanto a la cantidad de residuos recogidos, la solucién propuesta es casi equivalente a las
rutas que planifica la empresa operadora, sin embargo, el tiempo requerido y el consumo de
combustible de los vehiculos se reducen significativamente. En definitiva, se logra una mayor
calidad en la prestaciéon del servicio, proveyendo una recolecciéon més eficiente, efectiva y
sostenible, y de manera indirecta cumple con otros criterios sin reducir el rendimiento general.

Otro resultado de interés relativo al enfoque de soluciéon propuesto es su flexibilidad
para abordar nuevos criterios y restricciones de optimizacion. Esto permite tomar decisiones
basadas en criterios relevantes que no se han impuesto inicialmente. El procedimiento hace uso
de la informacion disponible en cualquier momento para permitir un comportamiento dinamico
adaptando su respuesta a los cambios que se detectan mientras se produce el proceso de
recoleccion. El enfoque propuesto permite su integraciéon con otras herramientas tecnologicas
para aprovechar la informaciéon dinamica. Por ultimo, la flexibilidad del enfoque de solucion
facilita la extrapolacién de su aplicacion a otros territorios donde los requisitos y criterios
tienen caracteristicas diferentes.

En lo concerniente a investigaciones futuras, existen varias lineas prometedoras que se
encuentran abiertas. Entre ellas la de abordar situaciones excepcionales como la posibilidad
de que la empresa de gestion de residuos ofrezca un servicio especial en eventos sociales y
deportivos en la isla de La Palma durante todo el ano. Esta situacion requiere del despliegue
temporal de un conjunto de contenedores de gran capacidad destinados a satisfacer la demanda
generada. Otra linea de trabajo futuro es la reduccion de contaminacion acustica y otros
efectos perjudiciales para residentes, turistas y el propio entorno. La empresa de gestion de
residuos esta interesada en anadir franjas horarias especificas para la recogida de desechos en
determinadas zonas de la isla. Estas franjas pueden ser tratados como ventanas de tiempo en
el modelo del problema. Por ultimo, la operadora esté interesada en integrar la informacion
sobre los precios del combustible y la ubicaciéon de la estacion de servicio en el disenio de las

rutas de recoleccion, de forma que el consumo de combustible se minimice.

3.3. A Fuzzy GRASP for the Tourist Trip Design with Cluste-
red POIs

Esta seccion hace referencia al articulo que forma parte del compendio de esta tesis y se

encuentra en el Apéndice C. La referencia completa es presentada a continuacion:

= Airam Exposito-Marquez, Simona Mancini, Julio Brito-Santana, José Andrés Moreno-
Pérez (2019). A fuzzy GRASP for the tourist trip design with clustered POIs. Expert Sys-
tems with Applications, volume 127, pages 210-227, ISSN 0957-4174. https://doi.org/10.10
16/j.eswa.2019.03.004

Este documento incorpora firma electrénica, y es copia auténtica de un documento electrénico archivado por la ULL segun la Ley 39/2015.

Su autenticidad puede ser contrastada en la siguiente direccidn https://sede.ull.es/validacion/

I denti fi cador del docunento: 2528892 Cbdigo de verificaci 6n: tpBnHIpl

Firmado por: Airam Expésito Marquez Fecha: 08/06/2020 01:07:10

UNIVERSIDAD DE LA LAGUNA

José Andrés Moreno Pérez
UNIVERSIDAD DE LA LAGUNA

08/06/2020 02:01:01

Julio Antonio Brito Santana
UNIVERSIDAD DE LA LAGUNA

08/06/2020 11:26:21

Maria de las Maravillas Aguiar Aguilar
UNIVERSIDAD DE LA LAGUNA

23/06/2020 17:53:09

58/143



Universidad de La Laguna
Oficina de Sede Electréonica
Entrada
N° registro: 2020/32474
N° reg. oficina: OF002/2020/31762
Fecha: 10/06/2020 13:03:50

3.3 A Fuzzy GRASP for the Tourist Trip Design with Clustered POls 45

3.3.1. Resumen

En el dominio turistico los sistemas inteligentes centran sus esfuerzos en las tareas de
recomendacion de puntos de interés y generacion de rutas turisticas. Este trabajo pone el foco
en las tareas de generacion de rutas turisticas considerando las preferencias de los turistas en
los puntos de interés a visitar. Este problema se encuentra identificado en la literatura como
TTDP. Nuestro trabajo considera supuestos més realistas a modelar, cuyo resultado es una
nueva extension denominada Tourist Trip Design Problem with Clustered POIs (TTDP-Clu).
En esta nueva extension los POIs se organizan en grupos que representan categorias de puntos
de interés en rutas turisticas. Por ejemplo, restaurantes, sitios historicos, playas, museos,
parques recreativos, etc. En el modelo se introducen nuevas restricciones que consideran
limites minimos y méximos a la cantidad de POIs que pertenecen a una de las categorias que
se visitan en la misma ruta.

Tratdndose de una nueva extension del TTDP no abordada previamente, se implementa
un generador de instancias para disefar y crear conjuntos de instancias con los que evaluar la
precision del enfoque de solucion propuesto. Para resolver el problema se propone una version
difusa de la metaheuristica GRASP en la que se utilizan criterios de evaluaciéon basados en
el tiempo de desplazamiento y en la preferencia del punto de interés para guiar la seleccion
de candidatos en la fase de construccion de rutas. Los resultados proporcionados por la
metaheuristica propuesta se comparan con los obtenidos al resolver la formulacion MIP del
problema. Los resultados computacionales realizados muestran la efectividad y eficiencia
del enfoque metaheuristico propuesto. Adicionalmente, dada la eficiencia del método de
solucion propuesto, se exhibe su idoneidad para formar parte de guias turisticas electronicas
personalizadas. Estos sistemas generalmente se implementan en dispositivos portatiles a través
de aplicaciones moéviles o con tecnologias de desarrollo web para ser ejecutados en el navegador,

por lo que requieren de bajos esfuerzos computacionales.

3.3.2. Objetivos de investigacion

El objetivo principal de este trabajo es generar rutas turisticas desde una perspectiva
més realista. Para ello se propone abordar el TTDP introduciendo la categorizacion de los
POIs con una nueva extension del problema. EI TTDP-Clu considera que el conjunto de POIs
se agrupa en diferentes categorias que representan diversos tipos de sitios de visita y cuyo
proposito es definir un conjunto de rutas factibles, una para cada dia de estadia del turista en
destino, que maximicen la puntuaciéon total asociada a la visita de los POIs por parte del
turista. Las rutas deben comenzar y finalizar en un punto de partida dado asociado con el
alojamiento del turista y la duracion de cada ruta, teniendo en cuenta tiempos de viaje, de
visita y de espera, no puede exceder un valor maximo. Adicionalmente, para cada categoria,
el numero de POIs que se pueden visitar en un solo dia se encuentra limitado con un minimo

y maximo de puntos de esa categoria a visitar.
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En base a lo comentado, los objetivos especificos de la investigacion se describen a

continuacion:

= Definir y disenar una nueva extension realista del TTDP, denominada TTDP-Clu,

considerando la categorizacion de los POlIs.
= Proponer un nuevo modelo matematico para el problema de optimizaciéon propuesto.

= Presentar un enfoque de solucion agil y eficaz capaz de formar parte de guias turisticas

electronicas personalizadas mediante una version difusa de la metaheuristica GRASP.

= Evaluar el rendimiento del enfoque metaheuristico de solucién propuesto en diferentes
dimensiones. En lo relativo a los resultados de la literatura para la version estandar
del TTDP y con respecto a la resolucién del modelo matematico propuesto para los

diferentes conjuntos de instancias disenados.

3.3.3. Metodologia

Previo paso a la especificacion del nuevo problema se realizé un estudio de los problemas de
optimizacion dentro de la literatura cientifica en relacion con la planificacion de rutas turisticas.
La busqueda en la literatura se centré en aquellos problemas de optimizacion que consideran
el TOPTW como modelo. Algunas de las extensiones del TTDP estudiadas presentan nuevas
consideraciones sobre el TTDP que aportaban un mayor realismo al problema, incluyendo la
introduccion de categorias en los POIs pero sin considerar nuevas restricciones o cambios en
la funcién objetivo del modelo matematico.

En base a la revision de la literatura se considera una nueva extension del TTDP modelado
como TOPTW en origen, pero incorporando la clusterizacion de los POIs e introduciendo
restricciones en el modelo para considerar un ntimero minimo y maximo de POIs de cada
categorias en cada ruta. En las tareas de planificacion real de rutas turisticas determinados
tipos de POIs son de visita obligatoria, otros de visita recomendada y en otros casos limitada.
El resultado es un nuevo modelo denominado TTDP-Clu.

Dada la complejidad del problema se procedi6 al diseno y desarrollo de técnicas metaheu-
risticas para abordar el TTDP-Clu. Se asume que la técnica de resolucion ha de formar
parte de un dispositivo PET, por lo que en el desarrollo de la misma se prima la eficiencia
computacional y la calidad de las soluciones obtenidas. Para tal fin se propone una version
difusa de la metaheuristica GRASP. Al tratarse de un nuevo problema, se implementa el
modelo mateméatico MIP en el resolutor XPRESS 7.9 para testear y comparar las soluciones
exactas con las obtenidas por la metaheuristica. Se desarrolla un generador de instancias
con el que se disefia un conjunto de 30 instancias pequenias con 30 POls, y un segundo
conjunto de instancias largas que consta de 72 instancias con 100 POIs. Parte de los datos del

conjunto de instancias pequenas son datos reales relacionados con POIS de la isla de Tenerife.
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Y el conjunto de instancias grandes tiene datos basados en las instancias de la literatura
desarrolladas por Montemanni & Gambardella en 2009 para la version estandar del TOPTW.
Los parametros restantes de las instancias como las diferentes categorias y distribucion de
POlIs en ellas, minimos y maximos de categorias por ruta, entre otros, son establecidos por
el generador de instancias en base a un conjunto de valores preestablecidos. Disenadas las
instancias se estudia el impacto de los valores de los parametros en el rendimiento de la
metaheuristica. El objetivo era determinar la mejor configuracion de parametros a utilizar
en la posterior experimentacién. A continuacion, se realizé una comparativa de la propuesta
de solucion y los métodos mas eficientes descritos en la literatura para una version estandar
del TTDP modelado como TOPTW, con respecto a las instancias clésicas de Montemanni
& Gambardella. Finalmente se realiza una comparacion detallada del TTDP-Clu de los
resultados computacionales obtenidos por la resolucion exacta del modelo y los obtenidos por
el GRASP difuso. En estas comparativas demuestra la eficacia del método propuesto frente a
los de la literatura y respecto al método exacto.

Los resultados parciales obtenidos a lo largo de esta investigacion, asi como modelos
y métodos de resolucion previos han sido presentados en multiples congresos nacionales
e internacionales. En ultima instancia se ha publicado esta investigacion en una revista
internacional que se consideraba de interés para la investigacion realizada y de alto impacto
en el area.

3.3.4. Resultados obtenidos y conclusiones finales

Una de las contribuciones de esta investigacion es la nueva propuesta y modelo matematico
de problema de diseno de itinerarios que surge en las operaciones de planificacion de viajes
turisticos. Esta propuesta surge de la necesidad de ofrecer un nuevo modelo mas realista y
centrado en la necesidades del cliente, el TTDP-Clu.

Otra aportaciéon, es un nuevo conjunto de instancias para evaluar y poner a prueba
el problema con una suficiente variedad en cuanto a nimero de POls, variaciones en los
parametros de las restricciones de minimos y maximos por categorias, nimero de tours a
considerar en cada instancias y tiempo méximo de cada tour. Ademés de contar con el disenador
de instancias para generar nuevas instancias en base a nuevos valores de caracteristicas que se
consideren.

Los resultados computacionales obtenidos demuestran el alto rendimiento del GRASP
difuso como método frente al problema estandar TTDP en comparaciéon a los métodos
maés eficaces en la literatura. En lo relativo a la comparativa de la propuesta de solucion
metaheuristica con la resoluciéon del modelo matematico, los resultados computacionales
muestran un excelente desempeno del algoritmo tanto en términos de eficiencia y efectividad
en comparacion con la resolucion exacta del modelo implementado con Xpress 7.9, lo que

hace que la propuesta de GRASP difuso sea adecuada para ser incorporada en los PETs.
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En lo que respecto a trabajos futuros, se consideran diferentes lineas de trabajo por
las que continuar. Entre ellas el disefio de nuevas metaheuristicas y métodos de solucion
para resolver el problema, abordando propuestas como VNS o Large Neighborhood Search
(LNS) para intensificar la busqueda de soluciones con mayores esfuerzos computacionales.
Esta propuesta no se considera para su incorporacion en PETSs, se emplearia para planificar
por adelantado conjuntos de itinerarios tematicos especificos que permitan componer una
cartera de rutas turisticas a sugerir. Otra propuesta futura, es considerar en el problema que
las preferencias asociadas a los POIs dependen del tiempo de visita a estos. Por ejemplo,
cuando se visitan museos de grandes dimensiones como el Louvre en Paris, el turista obtiene
un mayor grado de satisfaccion si dispone de més tiempo para visitar mas obras de arte.
Por ultimo, la linea de trabajo futura mas relevante considera abordar el dinamismo y la
estocasticidad del problema en contextos reales a través de varias etapas. En primer lugar
considerar heuristicas de reparacion de soluciones para abordar situaciones en las que un POI
deja de estar disponible en plena ruta. Ante esta situacion, se requiere recuperar la calidad
de la ruta minimizando la pérdida de satisfaccion del cliente con la recomendacion de otro
POI de similar calidad. En segundo lugar se plantea un conjunto de escenarios diferentes
en los que se varia la probabilidad de fallo de los POlIs, estos escenarios se aplican a las
mejores soluciones obtenidas y se comprueba la capacidad de recuperacion del grado de
satisfaccion turistica de cada solucion. El siguiente paso es considerar la version estocastica
del problema, incorporando informacion estocastica en el momento de construir las soluciones,
explotando la informacién de probabilidad de fallo de los POIs directamente en el método
de soluciéon. Y como tltima meta de esta linea de trabajo futura, se plantea un proceso de
aprendizaje en el que se extraen las caracteristicas que hacen que una soluciéon tenga baja
capacidad de recuperacion del grado de satisfaccion turistica, de modo que si por ejemplo
un determinado POI que falla produce una fuerte pérdida de satisfaccion, este POI se puede

penalizar artificialmente en posteriores iteraciones de la construcciéon de las soluciones.

3.4. GRASP-VNS for a periodic VRP with time windows to

deal with milk collection

Esta seccion hace referencia al articulo que forma parte del compendio de esta tesis y se

encuentra en el Apéndice D. La referencia completa es presentada a continuacion:

= Airam Exposito-Marquez, Giinther R. Raidl, Julio Brito-Santana, José Andrés Moreno-
Pérez (2018). GRASP-VNS for a Periodic VRP with Time Windows to Deal with Milk
Collection. In: Moreno-Diaz R., Pichler F., Quesada-Arencibia A. (eds) Computer Aided
Systems Theory — EUROCAST 2017. EUROCAST 2017. Lecture Notes in Computer
Science, vol 10671. Springer, Cham. https://doi.org/10.1007/978-3-319-74718-7 36
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3.4.1. Resumen

Esta investigacion considera la resolucion de un problema de planificaciéon de rutas para la
recoleccion de leche fresca de granjas con una flota de vehiculos refrigerados. Este problema es
formulado como un problema periédico VRPTW (Periodic Vehicle Routing Problem with Time
Windows, PVRPTW). El problema tiene un horizonte de planificacién extendido a un nimero
determinado de dias, para cada uno de los cuales se resuelve un VRPTW correspondiente a las
tareas de recoleccion de leche de ese dia. La disposicion de los clientes a lo largo del horizonte
de planificacion depende de un conjunto de diferentes combinaciones de dias posibles que
tiene cada cliente para ser visitado. Y se considera que ninguna granja puede estar mas de dos
dias sin visitar dada la naturaleza perecedera de la leche. La funcién objetivo del problema
esta orientada a la mejora de la calidad del servicio, entendida esta como la minimizacion de
los tiempos de comienzo de recogida en el cliente dentro de su ventana de tiempo. De especial
importancia al tratar con productos perecederos como la leche fresca. En el caso tratado,
esta se encuentra almacenada en pequenas granjas familiares con instalaciones isotérmicas
limitadas. Esta investigacion nace de la colaboracién con una cooperativa lechera de la isla de
Tenerife, Espana.

Con el objetivo de resolver un problema de alta complejidad como el presente, se propuso
una metaheuristica hibrida GRASP-VNS. La estrategia seguida para resolver el problema se
divide en dos fases. La primera fase consiste en asignar una combinacion de dias de visita tnica
a cada granja lechera asignando estas a los dias del horizonte de planificacién correspondiente
a la combinacion de dias. La segunda fase es aplicar la metaheuristicas hibrida GRASP-VNS
para cada dia del horizonte de planificacién con el objetivo de resolver un VRPTW por dia.
Dada la dificultad de obtener soluciones factibles, durante el proceso de busqueda las soluciones
infactibles son consideradas. Para ello se introducen diferentes funciones de penalizacion que

dependen de la violacion de las diversas restricciones del problema.

3.4.2. Objetivos de investigacion

La planificacion de rutas de transporte de productos perecederos requiere de ciertas especi-
ficidades operativas asociadas con la preservacion de la calidad de los productos. Este trabajo
de investigacion tiene como objetivo principal dar solucién a un problema de una cooperativa
lechera que desea planificar las rutas realizadas por una flota de camiones refrigerados para la
recogida de leche proveniente de pequenas granjas dispersas geograficamente y con instalacio-
nes isotérmicas limitadas para el almacenamiento del producto. En estas circunstancias, la
recoleccion por parte de la cooperativa exige una organizaciéon temporal precisa para preservar
la calidad de la leche. La recoleccién de leche no necesita ser diaria porque las granjas tienen
instalaciones para almacenar leche durante dos dias y la planificacion se realiza en periodos

semanales. Con el objetivo de minimizar los tiempos de recogida del producto para preservar
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50 Investigacion

su calidad, se hace uso de una funcién objetivo que persigue minimizar el tiempo de inicio de
la recogida de leche teniendo en cuenta la ventana de tiempo de cada granja.
Considerando los requisitos previamente comentados, los objetivos principales de esta

investigacion se resumen a continuacion:

= Abordar el problema de planificacion de rutas para la recogida de leche fresca con un

horizonte de planificaciéon extendido como un modelo PVRPTW.
= Presentar una estrategia de dos pasos para dar solucion al problema.

= Evaluar el rendimiento del enfoque de soluciéon propuesto haciendo uso de las instancias

de la literatura modificadas con ciertos requerimientos propios del dominio del negocio.

3.4.3. Metodologia

Con el fin de especificar los requerimientos del problema se organiz6 una reunién para
determinar qué requisitos y caracteristicas del mismo. Con esta informaciéon se estudid
literatura cientifica para identificar las técnicas de solucion y modelos usados para abordar
problemas de planificacién de rutas con horizonte de planificacion extendida. Posteriormente
se realiza las tareas de especificacion del problema, modelizacién y formulacion matematica.
Determinando un equivalente al PVRPTW con una funcién objetivo adecuada a preservar la
calidad de la leche fresca en su recogida.

Atendiendo a la literatura, existen dos enfoques generales a la hora abordar el PVRPTW.
El primer enfoque comienza asignando la combinacion de dias de recolecciéon en cada granja y
a continuacion se resuelven los problemas de rutas para cada dia del horizonte de planificacion.
En el segundo enfoque, primero se resuelven los problemas de rutas y posteriormente se
asignan a dias de la semana. En este trabajo de investigacion se sigue la estrategia del primer
enfoque. Primero, en la seleccion de combinacion de dias por granja, se seleccionan granjas
con ventanas de tiempo amplias y otras con ventanas de tiempo pequenas para facilitar la
convergencia hacia soluciones factibles en cuanto a las restricciones de ventana de tiempo.
A continuacion se utiliza una técnica metaheuristica GRASP-VND hibrida con el objetivo
de resolver un VRPTW en cada dia del horizonte de planificacion. E1 GRASP se encarga de
generar soluciones de comienzo que seran mejoradas por el VND. Las estructuras de entorno
consideradas en el VND son el movimiento e intercambio de granjas en las rutas, y el cambio
de combinaciéon de dias de visita de una granja. La aplicacion de las estructuras de entorno se
hace de forma dinamica en en base a métricas como la mejora sobre el tiempo y el namero
de veces que se hace uso de estas. Durante el proceso de busqueda se consideran soluciones
infactibles relajando las restricciones de ventanas de tiempo, capacidad de carga maxima del
vehiculo durante la ruta y duraciéon maxima de la ruta. Para ello se penalizan las soluciones a

través de funciones de penalizacion pesadas relativas a la violacion de cada restriccion. El
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peso de cada factor de penalizacion sigue un doble enfoque, considerando pesos estaticos y
dinamicos.

Para la evaluacion del enfoque de solucién propuesto, se disend una experimentacion
computacional en la que se consideraron instancias basicas de la literatura para el PVRPTW
que fueron adaptadas para incorporar informaciéon de los requisitos del problema especifico. La
experimentacion computacional obtuvo soluciones factibles y con diferentes tipos de funciones
de penalizacién, que fueron comparadas.

La difusion de los resultados y progresos obtenidos incluyo6 la presentacion de comuni-
caciones en un congreso nacional y en otro internacional. El articulo adjunto al compendio
de esta tesis es una version extendida del trabajo presentado en el congreso internacional,

revisado y publicado en Lecture Notes in Computer Science (LNCS).

3.4.4. Resultados obtenidos y conclusiones finales

La finalidad de esta investigaciéon es la resolucién de un problema real y practico de
planificacion de rutas de recogida de leche mediante vehiculos refrigerados. La leche procede
de pequenas granjas geograficamente dispersas que tienen instalaciones isotérmicas limitadas.
La principal contribucion es la resolucion del problema proponiendo una funciéon objetivo que
permite minimizar el tiempo de recogida del producto dentro de la ventana de tiempo de
cada granja para preservar la calidad de la leche fresca.

Teniendo en cuenta la experiencia computacional, la estrategia propuesta es capaz de
resolver el problema y obtener soluciones factibles al mismo. La experimentaciéon compara
varias funciones de penalizacion consideradas para relajar las restricciones y tener en cuenta
soluciones no factibles en el proceso de busqueda. En concreto se comparan funciones de pena-
lizacion estaticas y dindmicas con respecto a los pesos usados en los factores de penalizacion.
Adicionalmente se presenta una propuesta que no hace uso de factores de penalizacion en
el proceso de busqueda. Atendiendo a los resultados, la estrategia de penalizacion dinamica
presenta mejores resultados que las otras.

Las lineas de trabajo futuro, proponen extender la experimentacion a otras instancias,
entre las cuales se encuentra las instancias reales de la cooperativa de productos lacteos.
También se estudiara el comportamiento de otras metaheuristicas para intensificar la busqueda
de soluciones, otras estructuras de vecindario en el VND y otros procedimientos para elegir
la combinacién de visita inicial por granja. Una linea de trabajo relevante esta relacionada
con el uso de otros tipos de funciones de penalizacion y otras estrategias para considerar las

soluciones no factibles en el proceso de busqueda.
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Capitulo 4

Conclusions and Further Research

The current chapter contains an overview of the fundamental conclusions and further

research resulting from the thesis at issue.

4.1. Conclusions

Smart mobility management plays an important role for smart islands, cities, and territories.
It leads to benefits in diverse areas, including sustainable and efficient development of passenger
and freight transport, limitation of the negative environmental impact, and guarantee of
the quality of life in the specified geographic area place. Smart mobility management is
necessary for the development of today’s modern and sustainable economy. Mobility has a
direct impact on the prosperity, sustainability, competitiveness, productivity, and efficiency
of several economic sectors. Passenger and freight route planning services is one of the key
transport operations among other important mobility services. The economic, environmental,
and quality of service impact of this operational activity varies considerably depending on
the quality of the decisions adopted. Specifically, the optimization of route planning tasks can
result in the improvement of several aspects. Examples of these areas are, costs and travel
times, quality of service, service flexibility and adaptability in relation to customers, energy
consumption, sustainability of mobility services, environmental impact, among others.

Route planning tasks can be approached as combinatorial optimization problems. This
task involves considering a multitude of information sources, requirements, constraints, and
objectives when mathematically modelling the problem. In practice, the resulting problems
are complex and obtaining high-quality solutions that avoid excessive computational times
requires smart strategies. In this regard, intelligent transport systems allow transportation
services and the mobility of passengers and freight to be planned. This route planning
can satisfy aforementioned criteria and provide more personalized and efficient services to
citizens, reducing negative aspects such as road congestion, noise pollution, and emission

of greenhouse gases. Intelligent transport systems use smart methodologies and techniques
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inherent in Artificial Intelligence and Soft Computing, such as heuristics and metaheuristics.
The automation of solving route planning problems in reasonable computational times which
take into account several requirements and information is one of the main functions of
intelligent transport systems.

Under this scenario, route planning problems can be improved by using smart methodolo-
gies and hybrid techniques. This hybridization combines components of Artificial Intelligence
and Soft Computing in order to provide the intelligence that search solution processes need.
The stated aim and main objective of this thesis is to design, implement, and validate simple,
efficient and flexible optimization procedures based on Soft Computing dedicated to improve
route planning problems. The specific contexts of these procedure are freight transport, perso-
nalized tourist trip planning, and eco-efficient recyclable waste transport. These optimization
processes developed as modules can be incorporated into intelligent transport systems to
improve route planning operations. The reasons why the optimization of routes planning

services are particularly relevant to the scientific community, are listed below:

= Optimizing routes planning operations provides direct benefits; including cost savings,
quality of service, travel times, energy consumption, greenhouse gas emissions, among

others.

Finding solutions to most routes planning optimization problems is highly complex and
challenging. Most of those problems belongs to the NP-hard class. Their complexity
alone is reason enough to be the subject of many different research areas. A multitude
of route planning problems and solution approaches can be found in the literature, using

both exact and approximate techniques.

While it is true that there have been many breakthroughs achievements in the design
and implementation of exact solution approaches in route planning problems, the heuristic
and metaheuristic alternative techniques have been proven as the most effective and efficient
solutions methods. These methods report high quality solutions in short computational times.
This doctoral thesis has proposed several heuristic and metaheuristic solution approaches
to solve route planning problems such as; Vehicle Routing Problem with Time Windows,
Periodic Vehicle Routing Problem with Time Windows, Team Orienteering Problem with
Time Windows, Tourist Trip Design Problem, and real-world and new variants of these
mentioned problems. Other aspects to be considered in the route planning problems addressed
are quality of service improvement, customer service orientation, imprecision and uncertainty
in information, eco-efficient criteria, user preferences, and clustered locations, among others.
For each route planning problem faced, the model is formally defined, a series of optimization
techniques is proposed to solve it, and the design of the experimentation to be carried out is
introduced. The research and results are disseminated in the scientific community through

specific conferences and published articles in specialised journals. Overall, the proposed

Este documento incorpora firma electrénica, y es copia auténtica de un documento electrénico archivado por la ULL segun la Ley 39/2015.

Su autenticidad puede ser contrastada en la siguiente direccidn https://sede.ull.es/validacion/

I denti fi cador del docunento: 2528892 Cbdigo de verificaci 6n: tpBnHIpl

Firmado por: Airam Expésito Marquez Fecha: 08/06/2020 01:07:10

UNIVERSIDAD DE LA LAGUNA

José Andrés Moreno Pérez
UNIVERSIDAD DE LA LAGUNA

08/06/2020 02:01:01

Julio Antonio Brito Santana
UNIVERSIDAD DE LA LAGUNA

08/06/2020 11:26:21

Maria de las Maravillas Aguiar Aguilar
UNIVERSIDAD DE LA LAGUNA

23/06/2020 17:53:09

68 /143



Universidad de La Laguna
Oficina de Sede Electréonica

Entrada

N° registro: 2020/32474
N° reg. oficina: OF002/2020/31762
Fecha: 10/06/2020 13:03:50

4.2 Further Research 55

methods and techniques have been shown to live up to state-of-art approaches, obtaining
high quality solutions within short computational times in all problems studied during the
thesis. The design and implementation of the techniques has been versatile enough to serve
as a foundation for several technological and research transfer projects and to solve real route
planning problems.

The contributions of the current thesis have been diverse and can be seen in different
dimensions. The first contribution is a brief review of the literature and state-of-the-art
about the scope, innovations, interests, and emerging approaches about the discussed route
planning problems. This review answers the questions regarding which models of route
planning problems and solution approaches are available and they are given more attention
throughout the thesis. Another contribution refers to the proposal for modelling and the
resolution of route planning problems for delivery and collection of goods, specifically variants
with time windows, and periodic or extended planning horizon. New ways to measure the
quality of service that consider minimizing the waiting time of the customer within customer
time window are proposed for the mentioned problems. These contributions emphasize the
design and application of metaheuristics to optimization models that seek to improve the
quality of service through different metrics. In addition, other closed and open route planning
problems are considered, aimed at combining operations with own vehicles and outsourcing
of routes. In relation to the modelling and solving of personalized tourist trip planning
problems, different models, and solution approaches are proposed to address the problem.
More specifically, a new model that introduces clustering of points of interest to visit is
proposed. Novel solution approaches strategies are designed in order to solve the new proposed
problem. These solution strategies have been the basis of some research transfer projects.
Another contribution of this thesis is the modelling and solving of a real-world problem of
route planning for collection and deposit of recyclable waste. The solution developed for
this practical problem promotes the flexibility, simplicity, and eco-efficiency of the solutions
obtained. Addressing route planning problems in fuzzy contexts considering imprecision and
uncertainty in the information is another contribution of the current thesis. Fuzzy optimization
is the methodological approach for dealing with imprecision in data and constraints of the

problems. In a similar line, metaheuristics with fuzzy enhancement mechanisms are designed.

4.2. Further Research

The research carried out identifies several promising future lines of work which can be
defined that attempt to answer research questions that appear in the contexts of route
planning problems, solution approaches, and smart methodologies. The contributions and
works which appear in the compendium of this thesis have been used as a basis for a set of
future lines of work. Overall, several worthy future lines of research lines for the optimization

problems addressed are briefly outlined below:
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= The integration of the proposed route optimization problems in an integral logistic
process. A wide range of optimization problems related to freight management can
be found in the literature. In this connection, considering the integration of several
optimization problems related to freight management would bring a comprehensive

approach of an holistic logistic process.

= Addressing the dynamism of the environment in route planning problems. The dynamic
behavior of the logistic and transportation systems in real contexts is intrinsic to their
nature. In connection with freight transport, for example, variations in transport times,
arrival of new orders, among others, are common. In the case of tourist trip design, it is
common that a point of interest is not available for unexpected situations. It is also
necessary to consider other points of interest in order to minimize the loss of tourist
satisfaction. In both cases, there are unexpected situations which result because of
their dynamic nature that adversely affect solutions. This future work will provide
mechanism, techniques, and methodologies to manage dynamic situations and provide

robust solutions which can be recovered from unexpected situations.

= The study of promising new variants of route planning problems in emerging contexts
and real-world applications. On the basis of the optimization problems and solution
approaches developed in this doctoral thesis, new problems can be addressed with
special emphasis on those with more realistic and practical contexts and applications.
Accordingly, the collaboration of experts and companies in the field of logistics that
identify practical needs and applied problems is desirable to address other real-world

problems.

= The design and development of several metaheuristic frameworks. This future line
considers new developments addressing the design of new metaheuristic frameworks and
enhancement mechanisms on solution approaches proposed in the current thesis. The
extension of the design of new metaheuristic frameworks and improvement mechanisms

can lead to new improved techniques and solutions.

= The main goal of optimizing routes planning processes is to assist the decision making
process in order to provide more efficient use of available resources. The modules of
techniques and methodologies developed in this thesis can be integrated with intelligent
transport systems and management software. These modules could optimize individual
routing planning problems, run algorithmic techniques or provide statistical indicators,
among others. Furthermore, intelligent transport systems could provide an integration

of several optimization problems in order to cover an integral logistic process.

The main objective of this thesis and future lines of research is to improve route planning

operations in several contexts. The area of optimization of route planning processes is very
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wide and complex. Academics all over the world are actively studying it and there is an
enormous quantity of references in the scientific literature. This thesis contributes to the
scientific community through proposals for optimization and improvement of different route
planning problems. Consequently, in conjunction with the scientific community, route planning
operations are improved, and intelligent mobility and sustainable economic development are
promoted. Ultimately, as a result, this thesis makes a modest contribution to the improvement
of the quality of life of the region with respect to mobility.
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In this paper we tackle a variant of the vehicle routing problem from the perspective of the quality
in customer service. The proposed model corresponds to a routing planning problem where, in
addition to the efficiency in the use of resources and time, the delivery process requires to reduce
the response time to satisfy the customer demands. The problem includes the constraints of the well-
known Vehicle Routing Problem with Time Windows but incorporates objective functions aimed at
optimizing the service quality. The quality is here associated with the time the vehicles reach the
existing customers within their time windows. Due to the complexity of the optimization problem
under analysis, approximate approaches are identified as promising candidates to obtain high-quality
solutions within reasonable computational times in realistic scenarios. In this regard, we propose a
hybrid metaheuristic that combines the features of the Greedy Randomized Adaptive Search Procedure
and the Variable Neighbourhood Search in order to generate efficient solutions of the optimization
problem. The computational experiments demonstrate our algorithmic proposal is highly effective in
providing high-quality solutions of classic problem instances and requires short computational times.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

and support growth [2]. Customer service in transportation and
distribution of goods enables and ensures a product or service to

Over the last decades, supply chain planning has attracted
significant attention by the scientific community due to its high
impact on customer service, cost effectiveness, productivity, and
competitiveness in increasingly demanding global markets [1].
Nowadays, the successful management of supply chains focuses
on cost reduction and a determined transition to new approaches
aimed at increasing customer satisfaction. As strategies for com-
peting in markets, the former places emphasis on the interests
and profits of companies whereas the latter on customer needs.
The scope of both objectives in the performance of transportation
providers is essential. In this context, the planning of supply
and distribution routes as well as the tactical and operational
management activities of the supply chain play an important role
that is associated with improving the Quality of Service (QoS),
increasing customer satisfaction, and reducing costs.

In an environment characterized by a high level of technical
expertise, globalization, and rise in customer demands, existing
companies are increasingly interested in implementing customer
service oriented strategies. In fact, quality has been regarded as
a priority for management in order to increase competitiveness

* Corresponding author.
E-mail addresses: aexposim@ull.edu.es (A. Expésito), jbrito@ull.edu.es
(J. Brito), jamoreno@ull.edu.es (J.A. Moreno), cexposit@ull.edu.es
(C. Expbsito-Izquierdo).

https://doi.org/10.1016/j.as0c.2019.105707
1568-4946/© 2019 Elsevier B.V. All rights reserved.

be on time and place in an efficient way [3]. As regards distribu-
tion, quality as a differentiator and value generating element is
associated with the delivery terms of the product, its availability,
punctuality, and delivery time reduction [4].

The main stakeholders in transportation are interesting in the
delivery of goods in the best possible conditions. Also, these
must be delivered as soon as possible by the agreed date. These
conditions must also consider the possibility of whether or not
goods are perishable, which imply urgent distribution. Thus, ad-
dressing the urgency in freight transport is necessary because the
transported goods lose value or deteriorate over time, giving rise
to lower quality goods and accelerating their expiration dates.
Meat, fish, vegetables, and fruits are examples of fresh and high
replacement products that need urgent freight transport. These
perishables must arrive as soon as possible to markets [5]. Other
examples are daily products with dated short shelf life, everyday
consumer products such as newspapers, with associated value in
novelty of the news or health products such as drugs, organs, or
analytic samples.

The most common objective function associated with distri-
bution route planning problems in the literature is to determine
the feasible set of routes to be performed by the existing fleet
of delivery vehicles in such a way that the total operating cost,
usually measured in terms of distance travelled or time, is min-
imized [6]. By contrast, the main motivation of this paper is to
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reduce the service times for customers as a way to improve the
service quality provided. The service provided to each customer is
given within a window of time, which ensures a minimum quality
of service. In particular, the Quality-of-service (QoS) approach
implies the earliest possible arrival within the established time
window. Furthermore, this paper also addresses urgency in trans-
portation and distribution of goods. Urgency in the context of this
paper refers to quick response in face of product deterioration.
This response is evaluated as the elapse of time between the onset
of the need and the time an effective response is provided. That is,
it is the speed with which it responds according to the importance
of the need.

As a result, planning distribution routes must consider the ser-
vice time window and the customer service at the earliest within
this time window. Consequently, we introduce the Quality of Ser-
vice Vehicle Routing Problem with Time Windows (QSVRPTW),
which incorporates this particularity in its objective. We consider
three main ways to measure the quality of service that consider
minimize the waiting time of the customers by taking into ac-
count that the service is given within the customer time window.
One of the corresponding optimization criteria is equivalent to
that of the cumulative vehicle routing problem [7]. That is, min-
imizing the sum of arrival times of the customers. In addition,
two new objectives for the QSVRPTW are then introduced. Both
consider the instant in which the customers are served within
their time windows.

Due to the computational complexity of distribution route
planning problems that arise in industrial applications, it is not
straightforward to obtain high-quality solutions for the practi-
cal scenarios of this type of problems in reasonable amount of
computational time [8]. Several soft computing components, such
as probabilistic reasoning, fuzzy logic and sets, neural networks
and metaheuristics, have emerged as promising tools to support
decision making in this kind of tasks [9]. Among them, meta-
heuristics must be highlighted as pertinent techniques to deal
with these complex optimization problems due to the fact that
they are usually able to report high-quality solutions by using
limited computational resources [10]. In particular, we propose
a metaheuristic approach for the aforementioned QSVRPTW to
improve the service quality while taking into account customer
satisfaction.

On the basis of the previous discussion, it can be claimed that
the main goals of this paper are the following:

e Introducing the QSVRPTW, which aim is to respond to the
improvement of service quality in freight transportation.

e Proposing a mathematical model aimed at solving the opti-
mization problem under analysis.

e Presenting a solution approach that combines the benefits of
the general framework of the Greedy Randomized Adaptive
Search Procedure and Variable Neighbourhood Search to
solve the QSVRPTW.

e Analysing the impact of several metrics to evaluate the
planning of distribution routes in terms of the quality of
service provided.

The remainder of this paper is organized as follows. Section 2
reviews the main applications and models found in the literature
that are associated with our proposal. Section 3 is aimed at
introducing the description of the optimization problem under
analysis and a mathematical model for it. A hybrid method for
solving the proposed optimization problem is presented in Sec-
tion 4 whereas the computational experiments carried out in this
work are discussed and analysed in Section 5. Finally, Section 6
summarizes the main contributions of the paper and discusses
several lines for further research.

2. Related work

The Vehicle Routing Problem with Time Windows (VRPTW) is
one the most studied variants of the well-known Vehicle Routing
Problem (VRP). This is due to several reasons. It is an AP-hard
problem [11], and therefore it is a challenge to the scientific
community. But, at the same time, it has a wide range of prac-
tical applications in many fields such as transportation, logis-
tics, distributions, communications, and manufacturing, among
others.

Many approaches, including exact methods, heuristics, and
metaheuristics, and hybrid of these, have been proposed since
the 1980s in order to solve this optimization problem. On the
one hand, exact methods can solve relatively small problem in-
stances, with up to 100 customers. However, the large number
of computational resources required to solve real-life scenarios
of the VRPTW makes using exact methods unfeasible. For this
reason, most of practitioners apply approximate techniques, such
as heuristic and metaheuristic procedures in these environments.
These procedures do not guarantee the optimality of the solutions
reported, but they require reasonable computational times. Sev-
eral comprehensive literature reviews in which these procedures
are analysed have been already published over the last years.
The interested reader is referred to [12], and [13] to obtain more
information.

There are some works in the literature that focus on the
objectives of VRP models regarding the quality of service pro-
vided to the customer. Several of those problems are applied to
situations of school transport, logistics in natural disasters, trans-
port of perishable freight and maintenance services. A common
element in all of these applications is the need to consider the
urgent supply of goods. In addition they can be formulated with
models similar to the one proposed. In this regard, [14] studies
the customer perceptions when measuring the performance of
companies in the urgent transport service sector. However, the
literature presents a clear lack of definitions of quality of service
in transportation. Some of the few definitions that can be found
are provided in [15]. The authors introduces several definitions of
quality in the service sector and provides various measurement
scales.

Examples of such models are the Multiple Travelling Repair-
men Problem (MTRP), also called the Delivery Man Problem
(DMP) and the Minimum Latency Problem (MLP) for multiples
routes. In them, repairmen visit a set of nodes whose objective
is to minimize total latency, customer waiting time or maximize
collected revenue. In [16], a real-world planned maintenance
scheduling problem with an adaptive memory Tabu Search (TS)
heuristic is solved. In [17], another proposal that used an approxi-
mation algorithm is presented. This proposal solved a generalized
version where each customer has an associated repair time. They
also introduced a new version with a latency bound. Later, [18]
proposed a polynomial linear integer formulation and a two-
phase heuristic method based on a k-means clustering algorithm
first and routing second. More recently, [19] introduced a new
MTRP variant that considers a distance constraint. The objective
is to minimize the total waiting time of all customers and the
authors used a branch-and-price-and-cut for its solution. In [20],
an effective approach to address the multi-vehicle and multi-
depot using approximation algorithms that exploit various Linear
Programming (LP) relaxations is presented whereas [21] proposes
a mixed integer formulation and a metaheuristic method in its
solution, denoting it as an iterated greedy algorithm.

Moreover, [22] formulates the optimization problem with time
windows as an homogeneous Travelling Repairmen Problem with
Time Windows (TRPTW). The author solves the problem of oper-
ational control of an automated guided vehicle fleet and proposes
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an insertion-based heuristic algorithm for its solution. In [23],
a variant of the TRPTW where some tasks are absent in the
system at the beginning of a planning horizon is considered. This
problem, denoted as hetTRPTW, considers an heterogeneous fleet
of repairmen and is solved by the authors with a heuristic based
on a VNS.

The Bus School Routing Problem (BSRP) is another problem
that uses a similar model, specifically denoted the bus routing,
route scheduling and school bus driver sub-problems. The objec-
tives in these problems are, among others, to reduce the time or
distance that students spent in arriving to the school. Effective-
ness and service criterion are measured by the total travel time
spent by students in buses. In [24], a multi-objective approach
in which the number of buses, the travel time of the buses and
the travel times of the students are minimized, is presented.
A heuristic algorithm is proposed based on the shortest route
algorithms. In [25], multi-objective optimization school routing
problems in a rural environment which minimize the number of
buses and the time that a student stays in the bus are also tackled.
The former introduces a Scatter Search (SS) metaheuristic to
improve the initial solutions generated by two heuristics based on
clustering mechanisms. The second presents a TS heuristic with
a path relinking procedure to obtain solutions. A comprehensive
review of this problem is found in [26]. In the literature some
models use time windows constraints on the starting and ending
arrival time of a bus at schools. In [27], a measure called the
child time loss, the travel time spent in directly driving from the
home to the school is used. They address a multi-school problem
and propose a heuristic approach whose routes are constructed
by using a greedy method and improved by Simulated Annealing
(SA) or a TS heuristic.

Concerning perishable freight transport, in [28] a real-life de-
livery problem often encountered by urban perishable product
delivery problem is solved. Mismanaged deliveries cause losses
to suppliers, such as loss or degradation of product quality or
disobeying customers time windows. The combination of order
selection and time-dependent VRPTW in a framework of perish-
able product delivery allows to maximize the profits. In order
to solve the problem, a hybrid Ant Colony Optimization (ACO)
is proposed. Furthermore, a novel multi-objective VRPTW model
that decouples the minimization of the distribution costs from the
maximization of the freshness state of the delivered products is
presented in [29]. In this case, a constraint method and a multi-
objective evolutionary algorithm were implemented for solve the
problem with different set of instances.

Another important extension of these service oriented models
is the Cumulative Capacitated Vehicle Routing Problem (CCVRP),
a problem with an objective function aimed at minimizing the
arrival times to the customers subject to vehicle capacity con-
straints. The simplified model of energy minimization in vehicle
routing problems is equivalent to cumulative vehicle routing
problems [30]. In [7], a similar problem that minimizes the max-
imum arrival time (minmax) and minimizes the average arrival
time (minavg) to demonstrate the potential impact of using these
new objective functions in the classical Travelling Salesman Prob-
lem (TSP) and VRP is presented. In [31], an extension of the
CCVRP, termed CumVRP, considers as objective function the mini-
mization of the sum of the product of arrival times and demand of
the node considered. Different methodological proposals to solve
this problem can be found in the literature. In [32], an Adap-
tive Large Neighbourhood Search (ALNS) heuristic to solve the
problem is proposed. An Iterated Local Search (ILS) metaheuristic
was proposed in [33]. In [34], a two-phase metaheuristic was
proposed. It combines different perturbations and operators for
solution improvement. In [35], the first exact method, a branch-
and-cut-and-price algorithm for obtaining solutions, is proposed.

Recently, in [36], a set cover type formulation for CCVRP using a
column generation approach is solved. These models not consider
time window constraints. Hence to the best of our knowledge,
there are no papers in the literature regarding time windows in
CCVRP.

The paper at hand is clearly distinguishable from the existing
literature according to two main aspects. On the one hand, in
contrast to the aforementioned works, such as [14] and [15], we
propose several definitions of quality of service in transportation
based on the position of the service times within the correspond-
ing time windows of the customers. Some of these definitions
are related to the cumulative variant of the VRP but limiting the
waiting times to the individual time windows of the customers
instead of the whole planning horizon, as done in the works such
as [7] and [31], among others. On the other hand, our solution
approach is the first GRASP-VNS to solve the optimization prob-
lem under analysis and it presents several highlighted differences
with other GRASP-VNS-based proposals found in the literature,
such as [37], or [38], from the algorithmic standpoint.

In this case, the design of these proposals give rise to their per-
formance is not significantly impacted by the order in which the
neighbourhood structures are applied. This eases their parameter
setting but it bounds their exploration. However, as demon-
strated in the computational experiments, the performance of our
solution approach is influenced by the way in which the neigh-
bourhood structures are selected. For this reason, we perform
an analysis that allows to determine the best one. Also, unlike
the other proposals, we limit the number of potential candidates
when building the solutions in order to reduce the computational
time required by the solution approach.

3. Problem description

This paper addresses the Quality of Service Vehicle Routing
Problem with Time Windows (in short, QSVRPTW). This optimiza-
tion problem consists of determining the best possible routes
to be used by a fleet composed of k vehicles with the aim of
picking up or delivering freights to a set of n known points (i.e.,
customers) while optimizing some criteria associated with the
service quality. The main feature of this variant of the VRP is
related to the delivery times. In this regard, the routes must
be designed in such a way that each point is visited within its
given time interval (i.e., time windows). Indeed, the time when a
customer is visited within the time window is used to measure
the quality of service. In addition, the following assumptions are
also considered in the QSVRPTW:

e Each customer is visited by one and only one vehicle.

e Each route departs and arrives at a known depot.

e Each vehicle has a container with a maximum capacity and
the total loading of each vehicle cannot exceed this capacity.

e Each customer is served within its time window.

In order to formalize the problem, we introduce the following
parameters and indices:

e k=1,...,mis the index that represents the vehicles.

e i=1,...,nis the index that represents the customers.

e i = 0 represents the depot.

e ; is the demand of customeri,i=1,...,n.

e Cy is the capacity of vehicle k, k =1, ..., m.

e t; is the travel time fromitoj,i,j=0,...,n.

e cj is the cost of travelling fromitoj,i,j=0,...,n.
e u; is the unloading time at customer i, i=1,...,n.
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e [e;, l;] is the time window of customer i, i = 1,...,n. ¢ with Time Windows (VRPTW), a variant of the well-known Vehi-
and [; are the earliest and latest time for serving customer i, cle Routing Problem (VRP) [39]. Consequently, since the VRP is a
respectively. special case of the QSVRPTW and is known to be A"P-hard [40],

The decision variables that determine the routes are the binary
variables xg. that takes x’i; = 1 if vehicle k goes from i to j and
xg. = 0 otherwise; i,j = 0,...,n, k = 1,...,m. In order to
measure the quality of service we also consider the continuous
variables sﬁ‘ representing the time in which vehicle k starts to
serve customer i, i =0,...,n k= 1,..., m. In addition, in order
to check the capacity limits, we also consider the continuous
variables r{‘ representing the total unloaded quantity by vehicle k
when it leaves customer i,i € [0...n], k€ [1...m].

The classic objective of the VRPTW is to minimize the total
operational cost. This can be formulated as:

m n n
minfx) =Y "> eyl (1)
k=1 i=0 j=0

The objective function of the corresponding cumulative vari-
ant of the problem [7] is the total service time:

m n
minfy(x)=Y > st (2)
k=1 i=1
The cumulative objective function measures the total time that
the customers have to wait to be served from the starting time
of the routes.

In this paper, we propose several ways to measure the quality
of service by taking into account the position of the service
times within the corresponding time windows. The total waiting
time within the time windows is the sum of the times that all
customers are waiting to be served within their times windows.
That is:

m n
minfe(x)=Y_ > (sf —e) 3)
k=1 i=1
The minimization of this function is equivalent to minimize the
cumulative objective function, expressed by means of Eq. (2),
because the difference is the sum of all earliest times of the
customer time windows that is a constant.

The following objective function measures the quality of ser-
vice by maximizing the sum of the slack times of the customers
time windows. This is obtained by the sum of the differences
between the closing times of the windows and the times when
the customers are served. That is,

m n
maxfx) =Y Y (li—sk) )
k=1 i=1
However, the waiting times should be weighted by the length
of the customers time windows. We propose using the average
of the relative time that customers have to wait within their
time windows for service. This can be seen as the proportion (or
percentage) of the time windows that the customers are waiting
to be served. This can be expressed as follows:

m n k _ b
minf(0 =2 Y- Y T ®)

k=1 i=1

In summary, we propose three objective functions aimed at
measuring the Quality-of-Service (QoS): the cumulative objective
function f; (2) to be minimized, the slack objective function f; (4)
to be maximized, and the relative objective function f; (5) to be
minimized.

The QSVRPTW is a distribution route planning problem that
can be modelled as an extension of the Vehicle Routing Problem

the QSVRPTW is also A'P-hard.
3.1. Optimization model

The QSVRPTW is hereafter formalized by means of an Mixed-
Integer Linear Programming (MILP) optimization model.
The variables of the model are as follows:

. xf; binary variables where xg =1 if vehicle k goes from i to
j and xf = 0 otherwise; i,j=0,...,n,k=1,...,m.

. ri", continuous variables representing the total unloaded
quantity by vehicle k when it leaves customeri,i =0, ..., n,
k=1,...,m.If vehicle k goes from the depot to customer
i (% = 1) then r¥ = q; and if it goes from i to j (xk = 1)
then rj" = ri" ~+ g;. Moreover, if customer i is not in the route
of vehicle k then ri" = 0. In addition, for the validity of the
recursive formula and constraints used later, r(’)‘ is set to 0
for each vehicle k.

. sf‘, continuous variables representing the time in which ve-
hicle k starts to serve customeri,i=0,...,n,k=1,...,m.
Also, for each vehicle s§ = 0 and if x{ = 1 then s} =
max{ej,sf + u; + t;}. Moreover, if customer i is not in the
route of vehicle k then sf = e;. Analogously, for the validity
of the recursive formula and constraints used later, sf is set
to 0 for each vehicle k.

The constraints of the optimization model are expressed as
follows:

m n
ZZX@:L]’:]...n (6)

k=1 i=0
m n
Y xk=1j=1...n (7)
k=1 i=0

n n
Zxﬁ-:ij’.‘izl,j=1.“n,k=1...m (8)
=0

i=0

n
=1 k=1...m 9)
i=1
n
Zxﬁ):l, k=1...m (10)
i=1

f—g—rf<M1-xf), i=0...nj=1...nk=1...m (11)

F<qQ,i=1...n,k=1...m (12)

st+ttu—si <M(1—x), i=0...nj=1...n,k=1...m

(13)
e <sksf+u<l, i=1l..nk=1...m (14)
k k ok : 4 —
x;€{0,1},rsf 20, ij=0...n,k=1...m (15)

Su autenticidad puede ser contrastada en la siguiente direccidn https://sede.ull.es/validacion/

Este documento incorpora firma electrénica, y es copia auténtica de un documento electrénico archivado por la ULL segun la Ley 39/2015.

I denti fi cador del docunento: 2528892 Cbdigo de verificaci 6n: tpBnHIpl

Firmado por: Airam Expésito Marquez

UNIVERSIDAD DE LA LAGUNA

Fecha: 08/06/2020 01:07:10

José Andrés Moreno Pérez
UNIVERSIDAD DE LA LAGUNA

08/06/2020 02:01:01

Julio Antonio Brito Santana
UNIVERSIDAD DE LA LAGUNA

08/06/2020 11:26:21

Maria de las Maravillas Aguiar Aguilar
UNIVERSIDAD DE LA LAGUNA

23/06/2020 17:53:09

89/143



Universidad de La Laguna
Oficina de Sede Electréonica

Entrada

N° registro: 2020/32474

N° reg. oficina: OF002/2020/31762

Fecha: 10/06/2020 13:03:50

A. Expésito, J. Brito, J.A. Moreno et al. / Applied Soft Computing Journal 84 (2019) 105707 5

Table 1

Data of the illustrative example.
Customer Time window Service time
D1* [0---100] 0
c2 [20---30] 8
c3 [5---60] 17
C4 [10---70] 3
5 [30---50] 10

2Depot

Table 2

Time matrix of the illustrative example.

1 2 3 4 5

1 0 22 21 23 35
2 22 0 10 33 6
3 21 10 0 14 13
4 23 33 14 0 5
5 35 6 13 5 0

Constraints (6) and (7) ensure that every customer is served
exactly once. Constraint (8) states the flow conservation con-
ditions that ensure the continuity of the route. Constraints (9)
and (10) provide that vehicle k leaves the depot and ends at it,
ensuring that no vehicle is used more than once. Constraint (11),
where M is a large enough constant, determines the relation-
ship between the r.." variable of consecutive customers in each
route. Constraint (12) ensures that the capacity of each vehicle
k is not exceeded. Constraint (13), where M’ is a large enough
constant, determines the relations between the service times of
consecutive customers in each route. Constraint (14) ensures that
each customer is served within the corresponding time window.
Finally, the definition of the variables is provided in (15).

3.2. lllustrative example

A practical example is developed in this subsection in order to
clearly illustrate the objective functions aimed at measuring the
quality of service proposed in the paper. The illustrative example
consists of the solution of a practical case of the QSVRPTW using
a greedy solution method guided by the objective functions f (1),
f (4), and f; (5).

The data associated with the customers visited in the practical
example are shown in Tables 1 and 2. Table 1 contains basic
data such as time windows and service times of the customers,
whereas Table 2 contains the matrix of travel times between
points. The practical example is illustrated in Fig. 1. Fig. 1 depicts
the solutions of the practical example following a greedy selec-
tion of customers visited based on the aforementioned objective
functions. In the solutions obtained, the time in which the vehicle
arrives to the customers within its time window is provided.
Additionally, the percentage of customer time windows in which
the vehicle starts to serve the customer and the total average, are
also shown.

Regarding the percentage of customer time windows by so-
lution mentioned above, the average show that, in the case of
objective functions f; (4) and f; (5), the vehicles arrive before
to serve the customers compared to the solution obtained with
objective f (1). This fact coincides with the definition of quality
of service proposed in this paper. The quality of service defined
as the reduction of the time that customers have to wait to be
served within this time window.

4. Solution approach

In order to solve the QSVRPTW introduced in the previous sec-
tion, we hereafter propose and assess a metaheuristic approach

Algorithm 1 GRASP construction phase

1: Initialize the partialSolution with m empty routes

2: while (it is possible to visit new customers) do

3 C=¢

4:  for all customer i do

5 Find the best position j to insert customer i in the best
route k in partialSolution according to objective function
f; and keeping time windows and capacity feasibility

constraints.
6: Add (i, j, k) to the Candidate List CL
7. end for

8: Create the Restricted Candidate List, RCL, with the best
sizeRCL (i, j, k) from CL according to f;

9:  Select (i, j, k) from RCL

10:  Update partialSolution by inserting customer i at position j
in its best route k

11: end while

12: return partialSolution

that combines a Greedy Randomized Adaptive Search Procedure
(GRASP) and a Variable Neighbourhood Search (VNS).

GRASP is an efficient multi-start two-phase metaheuristic.
Consequently, it can be checked that it has been applied to a
wide range of optimization problems over the last years in the
scientific literature. This metaheuristic algorithm was presented
in [41], but many sophisticated variants have been developed
with the aim of tackling challenging optimization problems. The
interested reader is referred to the book [42] to obtain an in-
depth analysis about its foundations and main application fields.
In addition, [43] provides a comprehensive review about the
metaheuristics. Broadly speaking, the basic GRASP is split into
two consecutive phases: a construction phase and an improve-
ment phase. The former is aimed at building a feasible solution
of the optimization problem to solve, whereas the second is
dedicated to improve this solution. In this case, we propose to
use a VNS for this improvement phase. In the first phase of its
execution, the metaheuristic builds a feasible solution gradually
by selecting a new random element from a Restricted Candidate
List (RCL) and introducing it into the solution in progress.

Initially, the candidate list from which the elements are se-
lected is sorted based on a greedy function as lines 4-7 in Al-
gorithm 1 reflect. In line 8, the RCL is generated by limiting
the size of the candidate list in sizeRCL candidates. As lines 9
and 10 indicate, at each step, a candidate is randomly selected
from the RCL to form part of the current partial solution. This
probabilistic component is characterized by a random selection
of the element that is not necessarily the top candidate of the
RCL. The construction step is iterated until a feasible solution is
obtained. In this case, the proposed solution approach uses f;
as a greedy function to evaluate the potential candidates of the
corresponding QoS objective functions: the cumulative objective
function f. (2), the slack objective function f; (4), or the relative
objective function f. (5). Furthermore, the pseudo-code of the
construction phase is described in Algorithm 1.

In the first step of the construction phase a new partialSolution
is initialized with m routes without customers as line 1 in Algo-
rithm 1 indicates. The empty solution involves to set, for each
route k, x, = 1 and s* = ¢; for each customer i; and all the
remainder variables set to 0. The construction step implies to
insert a new customer in one of the m partial routes. We consider
two insertion operations of a new customer in a partial route k to
be used in the GRASP algorithm: the final insertion operation and
the best insertion operation. The final insertion operation inserts
the new customer i as the last customer in route k. Furthermore,
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Fig. 1. Illustrative example.

the best insertion operation inserts the new customer i in the
best feasible position of a partial route of the current solution.
It should be noted that, with the final insertion operation, only
the values of the variables r; and sf for the new customer have
to be computed. Also, a single time window constraint (14) and a
single capacity constraint (12) have to be checked for feasibility
and a single term has to be added to the corresponding addition
of the objective function f,. However, if another insertion position
is chosen according to the best insertion operation, the values
of the corresponding variables r; and s’i‘ for the later customers
in the selected route k have to computed again. Then, several
time window constraints (14) have to be checked. In addition,
the corresponding terms of the objective function also have to
be computed.

Moreover, insertion entails to visit the new customer j just
after customer i in the partial route k. Therefore, the new solution
is obtained by setting the decision variables x’i} and xj’-‘h to 1 and
for the only index h such that x’i‘h is 1; this variable x;‘h is also
set to 0. Then, the variables sJ’.‘ and rj" for the next customers in
this route k have to be computed by using the iterative formula
derived from Eqgs. (11) and (13), respectively. These formulas are
as follows:

k _ k
o= rfta

sk = max{e;, s¥ 4+ u; + t;}

The feasibility is checked by both the corresponding capacity
constraints (12) and time window constraints (14). The inser-
tion operations are assessed according to the greedy objective
function fg, corresponding to the cumulative (2), slack (4) or
relative (5) QoS objective function in the partial solution after the
insertion is applied.

The improvement phase in a GRASP is usually carried out
by means of a Local Search (LS). In particular, this is applied

(16)

with the aim of improving the quality of the solution provided
by the construction phase. The execution of the LS explores the
neighbourhood of the current solution and finishes when a local
minimum is found. In this case, we replace the LS by a Variable
Neighbourhood Descent (VND), which is an efficient version of
the VNS. The VNS is an effective metaheuristic proposed in [44].
It is based on the idea of systematically changing the neighbour-
hood structure during the search [45]. The rationale behind the
VND is that the local optimum defined by one neighbourhood
structure is not necessarily the local optimum of another neigh-
bourhood structure. Therefore, the search can methodically cross
over different search spaces defined by different neighbourhood
structures. The different neighbourhoods are usually associated
with types of moves or a transformation of the current solution
that states the neighbourhood structure. The VND involves to
change the neighbourhood structure when no improving move is
found. The VND uses a series of neighbourhood structures N(.),
k = 1,..., kma that are usually ordered from the easiest to the
most complex. The pseudo-code of the proposed VND is described
in Algorithm 2.

This work considers the moves described below to define the
neighbourhood structures Ni(-), k = 1, ..., kmax used in the VND:

e k-chain move (CH). A k-chain move takes a chain of the
solution with length k and moves it to another part of the
solution. Given that k is fixed, two positions i and j of the
solution vector are selected and the k elements at positions
Jj+1,j+2,...,j+k— 1 are moved after position i.

o k-edge interchange move (ED). A k-edge interchange move
consists in replacing k edges in the solution by k edges that
are not in the solution. The edge interchange with k = 1 is
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Algorithm 2 VNDS Improvement phase

: function VND(X, Kmax)
k=1
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Table 3
Parameter values used in parameter setting of the GRASP-VNS hybrid.
Parameter Values
GRASP Insertion I € {bestlns, finallns}
Size of RCL SRCL € {3,4,5,6}

1
2
3: while (k < k) do

4:  Find the best solution X’ in Ni(X)
5:  if (X’ is better than X) then

6 Take X = X' and k =1

7:  else

8 Take k = k+ 1

9: end if

10: end while

11: end VND

not possible. If k = 2 and the replaced edges are [i,j] and
[k, I] the replacing edges have to be [i, k] and [j, []. The case
of k = 3 is equivalent to a chain move; the replaced edges
are [si, Sit1], [Sivks Sivk+1l, [Sj, S+l

k-swap interchange move (SW). The swap move consists
in interchanging the position of two chains with length k in
the solution. In the most basic move, k = 1, both chains have
only one customer; it consists in swapping two customers.
When both customers belong to the same route, it is a intra-
route move. On the other hand, if customers belong to two
different routes it is an inter-route move.

The proposed neighbourhood structures for our VND are com-
binations of the neighbourhood structures described above. For
each k, let CH(k) be the set of k-chain moves, ED(k) be the
set of k-edge interchange moves and SW(k) be the set of k-
swap interchange moves. Therefore Ni(x) is the set of solutions
obtained from a solution x by one of these types of moves or
by a combination of them. In this case, we consider three single
combinations: CH, ED and SW by taking Ny, = CH(k), Ny = ED(k)
and Ny = SW(k). In addition, we consider the following six
combinations from three single moves; Ny = SW(k) — ED(k) —
CH(k), N, = SW (k) — CH(k) — ED(k), Ny, = ED(k) — SW (k) — CH(k),
Ny = ED(k) — CH(k) — SW(k), Ny = CH(k) — ED(k) — SW(k),
and N, = CH(k) — SW(k) — ED(k). As demonstrated in the
computational experiments the application of different orders of
the single moves impact on the quality of the solutions obtained.

5. Computational experiments
This section describes the computational experiments that

were carried out in our study and the results obtained. The aims
of the computational experience are described as follows:

Obtaining optimal solutions by means of the optimization
model proposed in the paper and discuss its applicability in
realistic scenarios. This is carried out in Section 5.4.

Studying the impact of the parameters on the performance
of the solution approach and determining the best parame-
ter setting to used in the existing problem instances. This is
presented in Section 5.2.

Assessing the computational performance of the GRASP-
VNS proposed in this paper when solving a wide range of
problem scenarios. This study is introduced in Section 5.4.

Analysing the suitability of our solution approach to solve
the problem under analysis by comparing its performance
with that of other metaheuristic proposed in the literature.

Studying and comparing the proposed objective functions.
This is presented in Section 5.5.

VND parameter
Move combinations

Kmax € {3,4,5}
C € {SW, ED, CH, SW-ED-CH, SW-CH-ED,
ED-SW-CH, ED-CH-SW, CH-ED-SW, CH-SW-ED}

The solution approach was implemented using the
C++ language. Java SE 8.0 and IBM ILOG CPLEX 12.6 were used
to code and solve the MIP model. In addition, all the tests were
carried out in a PC equipped with an Intel Core 2 Duo with
3.16 GHz and 4 GB RAM.

5.1. Problem instances

The benchmark suite used in this section is based on the clas-
sical set of problem instances introduced in [46]. These problem
instances are used to analyse the solution approaches introduced
in this paper. A wide corpus of works in the literature use this
benchmark suite. Some examples are [47], and [48].

The benchmark suite is composed of six sets of instances. It
is worth mentioning that the design of the problem instances is
based on four design principles: geographical data, percentage
of time-constrained customers, number of customers to serve
by each vehicle, and tightness and positioning of the time win-
dows. Regarding the geographical data, there are three kinds of
instances: instances with clustered customers (C), instances with
random customers (R), and a mixture of random and clustered
customers (RC). Regarding the number of customers served by a
vehicle, it is low in the instances of set 1 whereas the instances
included in set 2 allow more customers per route. Thus, a total
of instances belonging to six classes (i.e., C1, R1, RC1, C2, R2, and
RC2) are available.

For each type of instance (i.e., R, C, and RC), the positions of the
customers are the same. The main difference of the instances is
related to the width of the time windows, ranging from very tight
to wide time windows. The number of customers is 25, 50, or
100. This benchmark considers travel times equal to the euclidean
distances between points.

5.2. Parameter setting

The first phase of the experimentation focuses on determining
the best combination of parameter values for the GRASP-VNS
hybrid. In this phase, we need to state the parameters of the
metaheuristic whose values are to be determined and the can-
didate parameter values. This step is termed in [49] refers to this
phase as the definition of factors (parameters) and treatments
(parameter values). Parameter tuning of the GRASP-VNS hybrid
in this paper considers four factors:

1. The type I of insertion in GRASP
2. The size sRCL of the GRASP restricted candidate list
3. The number k;,qx of neighbourhood structures used for VND
4. The move combinations C in the VND
Table 3 shows the factors and treatments (i.e.; the parameters and
their values) to assess during the GRASP-VNS parameter setting.
In [50] two different ways for parameter setting are consid-
ered.

On the one hand, the parameter values are previously setted
to the start of the metaheuristic execution.
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Table 4 Table 5
Friedman test results for GRASP and objective function f. (5). Friedman test results for VNS and objective function f (5).
Insertion sRCL Rank sum Groups M Kmax Move combinations Rank sum Groups M
finallns 5 281 a 3 CH 1061.0 a
finallns 3 277 a 4 CH 1010.0 a
finallns 4 272 a 5 CH 956.0 a
finallns 6 270 a 3 SW 834.0 b
bestIns 6 139 b 5 SW 787.0 bc
bestlns 5 123 bc 4 SW 765.0 bed
bestIns 4 109 c 3 ED 747.0 bcde
bestIns 3 77 c 4 ED 705.5 cde
3 ED-SW-CH 653.0 def
3 SW-ED-CH 645.0 efg
5 ED 640.0 efgh
On the other hand, the online strategy fits the parameter 4 ED-SW-CH 5830 fghi
. . N ? 4 SW-ED-CH 546.0 fehij
values during the algorithm execution. This paper uses an of- 3 SW-CH-ED 5340 ohij
fline strategy that was performed to get the best combination 3 CH-SW-ED 526.0 hijk
of parameter values. The GRASP-VNS hybrid was run with all 3 CH-ED-SW 525.0 hijk
combinations of parameter values listed in Table 3. g :‘[’)VSEV?IES gg;-g 'Jﬁ
A wide range of research in computational intelligence is re- 3 EDCH.SW 2020 3.,:,2
lated to the evaluation of parameter influence on the performance 4 CH-SW-ED 4760 ijkimn
of algorithms using statistical tests. These tests are used in design 4 SW-CH-ED 459.0 jkimno
and analysis of experiments with the aim of determining the 4 CH-ED-SW 409.0 kimno
performance of the algorithm to evaluate under different combi- g 53%33% ggg'g :1"”":
nations of parameter values and selecting the best of them [51]. 5 CH-SW-ED 3745 no
Usually, statistical tests are categorized into two types, paramet- 4 ED-CH-SW 374.0 no
ric and nonparametric tests. Nevertheless, the parametric tests 5 SW-CH-ED 344.0 o
are based on assumptions which are breached when analysing
data of stochastic algorithms [52]. Table 6
In this paper, the Friedman nonparametric statistical test [53] Results of the Friedman test for GRASP.
designed to detect differences among the treatments is used to Objective function I SRCL
aqalyse differences in the perforrpance of the; GRASP-VNS hybrid G (bestinsertion] (3.4.5.6)
with the parameter values used in the experiment. £ (4) {bestInsertion} {3, 4,5}
In the literature there are some examples of this use of the fe (2) {bestInsertion} {3.4,5,6}
Friedman nonparametric statistical test for comparing algorithms
such as [54] and [55]. Table 7
One of the keys to developing a good parameter setting is Results of the Friedman test for VNS.
to avoid parameter overfitting with regards to the instances. An Objective function Korae C
gsual strategy to avoid overfitting is to divide the set of instances AG) 14.5] (SW + CH + ED. ED + CH £ SW.
into a training subset and a test subset. CH + ED + SW}
Studies of this nature typically divide the instances into two £ 4 {4,5} {SW + CH + ED,ED + CH + SW,
parts. Here we randomly select 80% for training and the re- CH + ED + SW, CH + SW + ED}
fe (2) {5) {SW + CH + ED, ED + CH + SW,

maining 20% for testing. This parameter analysis was conducted
separately for GRASP and VNS. Firstly, the Friedman test was
applied to each of the three objective function values of the
GRASP with corresponding parameter values described in Ta-
ble 3. Subsequently the same procedure was repeated for VNS.
Target values for each of these functions were obtained, sep-
arately by running GRASP and VNS 10 times for each of the
randomly selected instances. In the case of VNS, initial solutions
were obtained through a GRASP with a random combination of
parameter values. In both cases, a maximum number of routes
were established to obtain the solutions. This was the number
of routes in the optimal solution of the classical VRPTW,! plus
15%. Moreover, iterations that include each heuristic to obtain
feasible solutions were limited to 10 iterations. The significance
level Friedman test has been set at @ = 0.05. In both cases, GRASP
and VNS, the Friedman test shows that there are statistically
significant differences in the executions of the algorithms with
different combinations of parameter values.

The results of the Friedman test for GRASP and for VNS using
the relative QoS objective function f. (5) are shown in Table 4
and in Table 5, respectively. The first two columns show the
parameter values. The third column is the sum of ranks obtained
in the comparisons with the results of the other values. The

1 http://w.cba.neu.edu/~msolomon/problems.htm.

CH + ED + SW, CH + SW + ED}

fourth column shows the significant differences between groups
of combination at « = 0.05 level. The results are sorted in
descending order, so that the combinations of parameters located
at the bottom of the tables present better results. The raw exper-
iment data and the table for the other QoS objective functions are
available at Google Drive.?

In general terms, the results of the Friedman test for GRASP-
VNS hybrid metaheuristics are shown below. Tables 6 and 7 show
the selected combinations of parameter values with the signifi-
cantly best performance for GRASP and for VNS, respectively.

Once the best parameter values for the proposed solution
approach have been studied, we have carried out a computational
experiments in order to briefly analyse the complexity and the
execution time of the solution approach for instances with large
dimensions. The instances used in this brief complexity analysis
are a random subset of the 400 customer instances of Gehring &
Homberger's extended VRPTW benchmark [56]. Specifically, the
instances R110 and C100 were selected. For both instances, the
solution approach has been iteratively executed considering a

2 https://goo.gl/5gkW2j.

Su autenticidad puede ser contrastada en la siguiente direccidn https://sede.ull.es/validacion/

Este documento incorpora firma electrénica, y es copia auténtica de un documento electrénico archivado por la ULL segun la Ley 39/2015.

I denti fi cador del docunento:

2528892 Co6di go de verificaci 6n:

t pBnHIpl

Firmado por: Airam Expésito Marquez

UNIVERSIDAD DE LA LAGUNA

Fecha: 08/06/2020 01:07:10

José Andrés Moreno Pérez
UNIVERSIDAD DE LA LAGUNA

08/06/2020 02:01:01

Julio Antonio Brito Santana
UNIVERSIDAD DE LA LAGUNA

08/06/2020 11:26:21

Maria de las Maravillas Aguiar Aguilar
UNIVERSIDAD DE LA LAGUNA

23/06/2020 17:53:09

93/143



Universidad de La Laguna
Oficina de Sede Electréonica

Entrada

N° registro: 2020/32474

N° reg. oficina: OF002/2020/31762

Fecha: 10/06/2020 13:03:50

A. Expésito, J. Brito, J.A. Moreno et al. / Applied Soft Computing Journal 84 (2019) 105707 9
-10* Table 8
1 GRASP-VNS and DE comparison.
0.9 Best solution Best unfeasible solution DE (3 h exec. time)
GRASP-VNS TW constraints Capacity constraints
0.8
" 07 fr (5) Time (s.) N° fail Av. % excess Excess Excess
P R107 0.063 79 14 11553 4821 0
g 06 RC203 0.033 124 3 4270 5122 120
Z 05 €109 0011 93 13 83.45 30597 0
g O
= 04
é 0.3
= " set out to verify which of the constraints of the problem gives
0.2 rise to obtain feasible solutions a challenge or even impossible
0.1 iy’ using the execution times commented above. In this experi-
Lo~ mental analysis, we discover that time windows constraints are

0 N !
0 50 100 150 200 250 300 350 400
Size of problem instance

Fig. 2. Comparison of execution times by increasing the size of the R110 and
C100 instances.

single customer and adding a new customer of the instance in
each new iteration. Once the process reaches 50 customers, the
process increases the number of customers in 100, 150, 200, 300
and 400 customers, respectively. We storage the execution times
for each number of customers and instance in order to analyse
the increasing evolution of the execution time.

The Fig. 2 shows for both instances the increasing evolution
of the execution time. As might be expected, as the number
of customers of the instances increase, the execution time of
the solution approach increases. Specially, the rapid increase in
execution times can be seen in cases where the instances have
50, 100, 150, 200, 300 and 400 customers. In order to compare
R110 and C100 instances, Fig. 2 shows that as the size of the
instance grows, the execution time of C100 increases faster than
the execution time of R110. And it can be seen that this trend
continues and increases with each increase of the size of the
instances.

5.3. Comparison with other metaheuristic frameworks

This subsection reports a computational comparison between
the proposed GRASP-VNS and other metaheuristic frameworks
in order to check the competitiveness of the solution approach.
Specifically, the well-known Differential Evolution (DE) [57] is
compared with our GRASP-VNS. The DE metaheuristic was im-
plemented using the tool jMetal [58]. jMetal is an object-oriented
Java-based framework for multi-objective optimization with
metaheuristics, but it also provides single-objective versions of
metaheuristics such as DE.

The instances used in the comparison are a random subset of
the Solomon benchmark. Specifically, the instances R107, RC203,
and C109 were selected. In the previous section, the parame-
ter setting of our solution approach was studied. Therefore, the
values selected for the parameters used in the computational
experiments carry out in this section are those specified in the
previous section. Regarding the parameter values of the DE, we
use the following classic setting. The stopping criterion is the
execution time of the metaheuristic, the size of the population
is 100, the weighting factor is F = 0.5, and the cross-over
probability is C = 0.5. In order to perform the comparative
experiments we have selected the objective function (5).

We have increased the execution time of the metaheuristic
DE in 1 h, 2 h, and 3 h. This temporal increase is derived from
the fact that no feasible solutions are reported for none of the
execution time values considered. In view of this situation, we

more challenging than the other constraints associated with the
problem. Therefore, this section presents a comparison of those
solutions reported by the DE with the lowest level of infeasibility.
In this regard, the infeasibility level is measured in terms of the
number of unsatisfied constraints.

Table 8 reports the comparison of the solutions obtained by
our solution approach and the best solutions obtained by DE.
The first column of the table provides the instances used in the
comparison. The second (f; (5)) and third columns (Time (s.))
show the values of the objective function and execution times
in which GRASP-VNS obtained the best solution for the corre-
sponding instance. Afterwards, the fourth column (N° fail) reports
the number of time windows that fail. Also, the fifth column
(Av. % excess) provides the average percentage of time windows
constraints that fail was exceed and it is calculated as indicated in
(17) where twFail is the number of time windows that fail. The
next column (Excess) represents average time of time windows
constraints that fail was exceed and it is calculated as indicated
n (18) where twFail is the number of time windows that fail.
The last column (Excess) shows the total quantity that capacity
constraints that fail was exceed.

m n
Py = () > Py)/twFail, (7
k=1 i=1
where,
0 if e<(i+uw)<li
Py = K
¥ —e;)* 100
w lf (Sf‘ + ui) > li
li — €
m n
Ew = (Y > Ea)/twFail (18)
k=1 i=1
where,
0 if e <(sk+u)<li
Eix =

sff-&-ui—li if (Sf+ui)>li

As can be seen in the computational results, unlike our GRASP-
VNS, DE is not able to report feasible solutions for the problem
instances under analysis even considering large execution times.
The level of infeasibility is extremely large in terms of time
window constraints. This gives rise to require additional repair
algorithms or hybrid this approach with other techniques to
obtain feasible solutions.

5.4. Comparison with exact methods
This subsection reports the results of a series of computational

experiments for the comparison of the GRASP-VNS hybrid and
CPLEX 12.6 solver for the mathematical formulation presented
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Table 9 Table 10
Results of instance RC106 for size 25. Results of instance C201 for size 25.
CPLEX GRASP-VNS CPLEX GRASP-VNS
Limit time Exec. time Fitness  GAP Av. Best Time Limit time  Exec. time  Fitness GAP  Av. Best Time

Objective function f. (5)

Objective function f; (5)

3600 s 3600 s 02961 79.64% 0.176 0.097 47.40 s 3600 s 0.16 s 0.024 0% 0.113 0.101 32s
7200 s 7200 s 02961  79.64% 0.176 0.097 47.40 s 7200 s 0.16 s 0.024 0% 0.113 0.101 32s
10800 s 10800 s 02961 74.81% 0.176 0.097 47.40 s 10800 s 0.16 s 0.024 0% 0.113 0.101 32s
Objective function f; (4) Objective function f; (4)
3600 s 3600 s 105575 7.87% 139878 145201 38.21s 3600 s 0.14 s 390375 0% 390375 390375 25
7200 s 7200 s 105575 7.16% 139878 1452.01 38.21s 7200 s 0.14's 390375 0% 390375 390375 25
10800 s 10800 s 105575 6.72% 139878 145201 38.21s 10800 s 0.14's 390375 0% 390375 390375 25
Objective function f. (2) Objective function f; (2)
3600 s 3600 s 201839 0% 201839 201839 40.56 s 3600 s 0.23s 39392 0% 39392 39392 24 s
7200 s 7200 s 201839 0% 201839 201839 40.56 s 7200 s 0.23s 39392 0% 39392 39392 24 s
10800 s 10800 s 201839 0% 201839 201839 40.56 s 10800 s 0.23s 39392 0% 39392 39392 24 s
Table 11
in Section 3.1. A random set of instances from the Solomon  Results of instance RC203 for size 25.
benchmark was selected for the comparative purposes mentioned ~ CPLEX GRASP-VNS
earlier. The values selected for the parameters of the GRASP-VNS Limit time Exec. time Fitness  GAP Av. Best Time

hybrid are those specified in the previous section for each of the
objective functions studied.

Since CPLEX 12.6 has difficulties in obtaining exact solutions
to the problem we introduce an execution time limit configura-
tion. Specifically, three reasonable time limits were established;
3600 s, 7200 s and 10800 s. It is expected that the above MIP for-
mulation can only be used to solve small-size instances. Numer-
ical results shown in this section when trying to solve different
test instances with CPLEX 12.6 solver confirm this expectation.
Even for instances of 50 customers, CPLEX is not able to obtain
solutions at reasonable times in most of the selected instances.
It must be emphasized that this work has been limited to de-
veloping the model of Section 3.1 with CPLEX without including
additional sophisticated techniques that facilitate the solution of
the mathematical model.

The results for instances RC106, C201 and RC203 of size 25
are shown in Tables 9-11, respectively. The first column of the
tables includes the limit execution time of CPLEX. The second
column shows the execution time in which CPLEX obtained the
solution. The next column represents the fitness of the solution
obtained by CPLEX. The fourth column shows the GAP of CPLEX.
The remaining columns are labelled “Av”., “Best”, and “Time” and
represent average fitness, best fitness and the average execution
time of the solutions obtained by the GRASP-VNS hybrid. The
remaining experimental data are available in Google Drive.? In
general terms, the results show different situations in which the
GRASP-VNS hybrid performs better than CPLEX. Nevertheless,
there are some instances for which CPLEX can obtain the optimal
solution faster than the heuristic.

Sections 5.3 and 5.4 show that GRASP-VNS metaheuristic
framework is highly efficient to solve the proposed problem.
This leads us to think in a new open line for future research,
the application of the GRASP-VNS to other related optimization
problems.

5.5. Objective function comparison

This section presents a comparison of the proposed QoS ob-
jective functions. The best solutions obtained by each of the
presented quality objectives are compared. To that end, com-
putational experiments are carried out using two instances for
each kind instance of the Solomon Benchmark. More specifically,

3 https://goo.gl/pXStrU.

Objective function f; (5)
3600 s 3600 s 0.0343 91.94% 0.1059 0.0325 124 s
7200 s 7200 s 0.0343 90.70% 0.1059 0.0325 124 s
10800 s 10800 s 0.0343 88.45% 0.1059 0.0325 124 s
Objective function f; (4)
3600 s 3600 s 12506.73  1.82% 1218550 12866.75 126s
7200 s 7200 s 12506.73 1.72% 1218550 12866.75 126 s
10800 s 10800 s 12506.73 1.70% 12185.50 12866.75 126 s
Objective function f; (2)
3600 s 3600 s 6066.07 2.80% 6979.54 6776.53 102 s
7200 s 7200 s 6525.82 2.74%  6979.54  6776.53 102 s
10800 s 10800 s 6525.82 2.74%  6979.54  6776.53 102 s

instances R110 and R207 of kind R, RC203 and RC206 of kind RC,
and C109 and C104 of kind were used C. For each of the selected
instances, the proposed metaheuristic is run 10 times using the
different objective functions proposed in Section 3.1. A compari-
son for the best solutions using ten executions is carried out. This
comparison considers the best solutions for all of the objective
functions. This experimentation aims to detect the differences
between quality objective functions proposed and how they can
influence on solutions by comparing them.

The solutions obtained using several objective functions to be
compared with each other, are the best solutions obtained during
10 executions.

The first comparative criterion is to know if the best solutions
obtained for each objective function during ten executions are
the same solution. The first criterion reveals information on how
the proposed objective functions differs among themselves with
respect to the design of the solutions. Two other comparative
criteria between best solutions are also used: the total distance
of the solution and the average percentage of the customer time
windows the vehicle starts to serve the customer. The last two
criteria allow for comparisons of the quality of the best solutions
when they are different for each of the objective functions during
ten executions.

Tables 12 and 13 show a sample of the comparative results
for some of the instances of the Solomon benchmark considering
different sizes. Information give in Tables 12 and 13 is column
one, labelled Solution, gives the number of the best solution for
each specified objective function of the ten solutions obtained
by proposed metaheuristics. Column two gives the distance of
the best solution obtained by the specified objective function,
and the third column gives the average percentage of customer
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Table 12
Results of 25 size instances.

Solution Distance % TW average

G F@) L2 F6) @ L2 £6) @& Q)

R110

=3

fr(5) 8 8 531.33 531.33 53133 18.68 18.68 18.68
f(4) 0 522,92 53422 53422 1996 22.38 22.38
fe(2) 9 5 5 484.82 530.74 53074 2022 2147 2147

=3
=3

RC206

fr(5) 5 5 5 667.00 667.00 667.00 8.64 8.64 8.64
fs(4) 1 1 1 667.00 667.00 667.00 8.64 8.64 864
fe(2) 9 9 9 760.77 760.77 760.77 9.54 9.54 954

C109

fr(5) 5 5 5 237.10 237.10 237.10 10.78 10.78 10.78

fs(4) 0 0 0 22530 225.30 22530 10.78 10.78 10.78
fe(2) 5 5 5 168.50 168.50 168.50 22.75 2275 22.75
Table 13

Results of 50 size instances.

Solution Distance % TW average

) @) L2 F6) @) L2 £6) @) f2)

101298 101298 1012.98 1933 1933 19.33
113043 113043 113043 991 991 991
f2)8 8 8 97580 97580 97580 1581 1581 1581

fr(5) 8 7 7 1137.54 1220.89 1220.89 13.52 16.75 16.75
fs (4) 2 2 2 1353.59 1353.59 135359 14.43 1443 1443
fe(2) 3 3 3 964.58 964.58 964.58 28.43 28.43 2843
C109

£ 2 2 589.29 589.29 58929 10.77 10.77 10.77

) 2
f(4) 4 4 4 607.63 607.63 607.63 12.55 1255 12.55
) 2 2 2 54148 54148 54148 26.93 26.93 26.93

time windows in which the vehicle begins to serve the customer.
The intermediate rows indicate the instance used, and just below
these are the rows that indicate the different objective functions
set to optimize using the proposed metaheuristic. It is important
to note that the rows with the objective function on the left side,
give the objective functions used to optimize with the proposed
metaheuristics, and the objective functions in the upper row are
those used to evaluate the solutions obtained by metaheuristics.
The remaining experimental data are available in Google Drive.*

An examination of the results show that in most cases the
best solutions when optimized with a given objective function
coincide with the best solutions for the remaining objective func-
tions. This observation is reasonable, since there are common
components to the different objective functions. In those cases
in which the best solutions for each of the objective functions are
not the same solution, the objective function f, (5) presents a bet-
ter average in distance and average percentage of customer time
windows than the other objective functions. Overall, it appears
that the objective function f; (5) presents better performance than
the remaining ones.

6. Conclusions and further research
In this study, we introduce the Quality of Service Vehicle
Routing Problem with Time Windows (QSVRPTW). It is a variant

of the well-known VRPTW that takes into account the quality
of service provided to the existing customers and with a wide

4 https://goo.gl/xdAQhp.

range of practical applications. The quality of service is related
to the reduction in the times that the customers have to wait
to be served. In particular, we study three objective functions to
optimize.

We propose a mathematical model to formalize the QSVRPTW
and solve it to optimality with mathematical programming tools.
However, due to the large computational times required when
solving realistic scenarios, its implementation in practice is lim-
ited. In order to overcome this, we also propose a hybrid meta-
heuristic approach that combines a GRASP and a VNS with the
goal of generating high-quality solutions for the problem within
reasonable times.

The computational experiments seek to assess the perfor-
mance of the hybrid GRASP-VNS proposed in this paper and also
to study and compare the objective functions proposed to mea-
sure the quality of service. The performance of the hybrid GRASP-
VNS was evaluated by comparing the results of the optimization
model solved using IBM ILOG CPLEX. The computational exper-
iment confirms that the approach proposed is highly efficient
when solving the problem scenarios under analysis.

Moreover, the main purpose of this work is to study and
compare the objective functions proposed to measure the quality
of service provided to the existing customers in a given scenario.
A comparison of the best solutions of the optimization problem
under the defined objective functions has been performed. Ac-
cording to the computational experiments, it can be concluded
that the objective function f; (5) presents better performance than
the remaining ones.

On the basis of the contributions presented in this paper,
several promising lines are still open for further research. Some
of these lines are briefly summarized in the following:

o Integrating the QSVRPTW with other problems. As indicated
in Section 2, there is a wide range of optimization problems
related to the delivery of freights. In this regard, taking into
account the optimization of related processes would provide
a holistic approach of the delivery environment.

e Addressing the dynamism of the environment. Logistic and
transportation systems have a dynamic behaviour inherent
to their nature. For example, arrival of new orders and fluc-
tuations in transport times, among others, are usual. For this
reason, appropriate solution approaches must be designed
with the aim of tackling them.

Combination of optimization and simulation. A large number
of optimization problems have a stochastic nature in prac-
tice. Therefore, combining simulation with the algorithm
proposed in this paper would support decision making un-
der uncertainty.

Changing the perspective from which the QSVRPTW is tack-
led. In this case, we have addressed the problem from the
perspective of the customers. However, considering the op-
timization of the existing resources and balance both per-
spectives would give rise to increase the interest of all the
stakeholders.
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ARTICLE INFO ABSTRACT

Keywords: This paper seeks to analyze application of a metaheuristic in the improvement in the design of routes for the
Container collection of recyclable waste in the island of La Palma (Canary Islands, Spain). This work is a partial result of a
Recyclable waste technological and research transfer project aimed to analyze the route planning for collecting two portions of the

Collection route
Optimization model
GRASP

recyclable waste, specifically paper and cardboard packaging and plastic packaging and cans, in this context.
This scenario is modelled by an optimization problem termed Eco-efficient Vehicle Routing Problem. A math-

ematical model is proposed to formalize this problem. A Greedy Randomized Adaptive Search Procedure
(GRASP) is applied to obtain approximate solutions in real-life scenarios. Its goal is to increase the amount of
recyclable waste collected, prioritizing the collection of those containers with the highest fill level. Moreover, a
fill level estimation of the containers based on an historical data analysis is also developed and integrated into
the solution approach. The results obtained in the computational experiments reveal that the proposed solution
approach is highly efficient and able to improve the current route planning according to eco-efficient metrics.

1. Introduction

The current waste management involves a large number of relevant
challenges for modern society (Al-Salem, Lettieri, & Baeyens, 2009).
Some of them are derived from the shortage of financial resources, the
absence of multilateral agreements between local, regional, or national
governments, the resistance from the population to live close to waste
facilities, or the complexity to design and maintain waste collection
strategies that satisfy the real demand, among others. These challenges
are unavoidable associated with an unstoppable growth of waste gen-
eration worldwide. In fact, according to the data taken up in the report
by Kaza, Yao, Perinaz, and Van Woerden (2018) for the World Bank
Group, global waste generation is predicted to be kept growing during
the next 30 years. The main reasons behind this fact are several factors
such as urbanization, population increase, and standard of living,
among others. All these issues have given rise to that the waste treat-
ment is nowadays one of the most relevant challenges. This situation
makes the management of solid waste a major environmental problem
(Guerrero, Maas, & Hogland, 2013).

Cities, regions, and local governments are responsible to manage

* Corresponding author.

solid waste in their geographical areas. Consequently, they have the
concern to implement an efficient and competitive process to manage
solid waste. The need to provide a high quality service to the citizens
and the importance of the environment and sustainable development
make it necessary to devote large amounts of resources to the efficient
management of urban solid waste. In fact, the management of solid
waste is a critical affair for local governments around the world and
sustainable development (Marshall & Farahbakhsh, 2013), especially in
regions with reduced dimensions such as islands or areas with archi-
pelagic conditions. Notwithstanding, local governments face problems
that go beyond their resources and capabilities.

This work constitutes part of a technological and research transfer
project. Its purpose is to evaluate and improve the management of re-
cyclable waste at one of the major islands in the Canary Islands (Spain),
specifically the island of La Palma. The public and private agents in-
volved in the improvement of the waste recycling in La Palma have
among their objectives to increase the recyclable waste collection effi-
ciency. In this context, there are two main agents involved in the pro-
ject. First, the national waste management company responsible for
environmental care through recycling and the eco-design of packaging.

E-mail addresses: aexposim@ull.edu.es (A. Expésito-Marquez), cexposit@ull.edu.es (C. Expésito-Izquierdo), jbrito@ull.edu.es (J. Brito-Santana),
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This company seeks to ensure the sustainable medium- and long-term
development of the recyclable waste management system, as well as its
optimal operation so as to satisfy the current and future packaging
waste and processing demands placed on those involved by society and
government. The other relevant agent is the operator company, which
is in charge of the logistics operations of recyclable waste collection.
Both agents cooperate with each other to ensure an adequate man-
agement of recyclable waste.

The technological and research transfer project aims to evaluate and
analyze the current strategies, aspects, principles, and resources in-
volved in the collection and transport of two portions of recyclable
waste around La Palma; the blue portion consisting of paper and
cardboard packaging as well as the yellow portion that consists of
plastic packaging and cans. This project is a pilot project carried out in a
geographically limited area, such as La Palma, but with the premise
that the developed solution approach can be eventually adapted to
address features from other contexts and obtain high performance by
taking into account new appropriated criteria and considerations. This
project includes the study and treatment of data provided by the waste
management company and the local authorities on the current recycl-
able waste collection process in the island of La Palma to propose im-
provements in its planning. The information related to the demand of
recyclable waste collection, containers locations and their character-
istics, routes details, time and cost of the routes performed by the op-
erator company and the resulting volumes of recyclable waste in con-
tainers and vehicles, together with the constraints of the available
resources allow to offer and assess potential alternatives in the planning
of the recyclable waste collection routes. The national waste manage-
ment company promotes this project with the strategic objective of
increasing the amount of recycling waste in the long term and en-
couraging citizens to recycle. This is done by motivating them to
transfer their non-recyclable waste to recyclable waste. In this regard,
one of the main reasons that discourage the citizen to recycle waste is to
find the recycling containers full or overflowing. This is one of the key
elements that are taken into account in the proposed solution approach.

According to the previous discussion, this paper focuses on the
collection of recyclable waste from the blue and yellow containers (the
blue containers should contain paper and cardboard packaging and the
yellow containers should contain plastic packaging and cans) and their
delivery to the waste processing plants. More specifically, this work
proposes a solution approach to improve the route planning from an
eco-efficient perspective. We propose a waste collection model that
aims to maximize the amount of paper and cardboard packaging and
plastic packaging and cans collected in such a way that the environ-
mental impact is minimized. For this purpose, the developed solution
approach give collection priority to those containers whose fill level is
estimated as high. This allows to reduce the probability of having full or
overflowing containers, and the consequent dumping of waste outside
the containers. Also, the reduction of fuel consumption that can be
achieved through lower time per route, and accordingly designing
greener and shorter routes, is compatible with our goal.

The scenario under analysis is addressed as an optimization problem
termed Eco-efficient Vehicle Routing Problem (Ee-VRP). It involves the
design of routes to be carried out by a fleet of vehicles considering an
extended planning horizon of several working days. The problem can be
considered as a multi-depot routing problem whose starting and ending
route locations are known. Specifically, there are three starting and
ending points for the routes, whose locations are in three municipalities
of La Palma: Brefna Alta, Mazo, and Los Llanos. In connection with this,
the routes departs from starting depots and finishes in the ending waste
processing plants. In a feasible solution of the Ee-VRP, each vehicle in
the fleet must carry out a route for each day within the planning hor-
izon. Each route is defined as a sequence of waste collection points to be
visited by the vehicle. All the recyclable paper and cardboard packaging
or plastic packaging and cans must be collected in each visit.

The main contributions of this paper can be described as follows:
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-

. Addressing the real optimization problem of recyclable waste col-
lection and transport in the island of La Palma (Canary Islands,
Spain) within the framework of technological and research transfer
project.

Proposing a mathematical formulation to model the current collec-
tion problem in order to formalize the problem mathematically.
Proposing an approximate optimization technique based on the
general framework of Greedy Randomized Adaptive Search
Procedure to solve the Ee-VRP.

4. Assessing the solution approach proposed by comparing the current
routing scheme to the results of the proposed optimization tech-
nique.

N

w

The remainder of this paper is organized as follows. Section 2 pro-
vides a literature review of the most highlighted works about waste
management, especially those related to route planning. Section 3 de-
scribes the optimization problem. A mathematical formulation of the
Ee-VRP is later presented in Section 4. Afterwards, Section 5 introduces
the solution approach aimed at solving the Ee-VRP. Later, the compu-
tational experiments are presented and discussed in Section 6. Finally,
the main conclusions and future works are included in the last Section
7.

2. Literature review

The papers found in the literature about waste management can be
classified according to multiple criteria. On the one hand, one of the
most extended is based on the type of waste to be treated. In this regard,
the main types are residential waste (or garbage), industrial waste,
recyclable waste, and health-care waste. The residential waste refers to
an heterogeneous set composed of materials that are differentiated by
their composition, which is derived from the community as well as its
degree of industrialization and commercialism (Garvin, Cohen, &
Dwyer, 2011). The industrial waste is that obtained as result of an in-
dustrial activity (Sahoo, Kim, Kim, Kraas, & Popov, 2005). Furthermore,
recyclable waste contributes positively to protect the environment,
minimizes the need for extracting, refining, and processing raw mate-
rials (Dat, Linh, Chou, & Vincent, 2012). Lastly, health-care waste poses
a risk to human health when handled improperly (Alagoz & Kocasoy,
2008). In this paper, we focus our attention on the treatment of re-
cyclable waste, mainly produced domestically and to a lesser extent by
small retail businesses in the island.

On the other hand, location in which the waste collection is carried
out is another relevant criterion when classifying papers found in the
literature. In this regard, a wide range of problem variants can be
identified. Firstly, the local governments in some cases establish a local
waste facility shared by the community in which recycling is performed
(Tung & Pinnoi, 2000). Secondly, kerbside collection (Sniezek & Bodin,
2006) is referred to the collection of household waste through con-
tainers with small dimensions near the houses. Despite this clear dis-
tinction on the basis of location, in this paper we address an inter-
mediate scenario in which waste containers are dedicated to collect
recyclable waste produced by residents in a neighbourhood, a few
streets, etc. (Bodin, Mingozzi, Baldacci, & Ball, 2000).

Moreover, the environmental damage is joint to the gradual in-
crease in the volume of waste generation. Taking into account the im-
pact on the environment of the logistics operations associated with a
given activity such as the waste management is gaining greater weight
in recent years. In fact, this concern has given rise to the term green
logistics (McKinnon, Browne, Whiteing, & Piecyk, 2015). This is a multi-
level concept that encourages all stakeholders to assess and minimize
the impact of logistics operations within a supply chain (Giusti, 2009).
In this scenario, transportation is one of the harmful activities and with
the highest environmental cost, expressed by means of CO, emissions
and energy consumption. In particular, road transportation is one of the
main contributors to fuel consumption and carbon dioxide equivalent
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emissions. Nowadays, the main stakeholders in the field of waste
management are committed strongly to design more sustainable solu-
tions. In this regard, green vehicle routing is considered as a branch of
green logistics that takes into account explicitly externalities derived
from the use of vehicles (e.g., carbon dioxide-equivalents emissions)
with the goal of minimizing them as much as possible through better
planning (Bektas, Demir, & Laporte, 2016).

In general terms, collecting waste by means of a fleet of trucks in-
volves to design efficient routes that satisfy the service requirements in
such a way that residents can dispose waste at a primary collection
point without interruption (Nuortio, Kytojoki, Niska, & Braysy, 2006).
Unfortunately, most of the initiatives aimed at collecting waste are
nowadays focused on emptying containers on the basis of predefined
schedules. However, it has been amply demonstrated that these ap-
proaches are highly inefficient. In particular, predefined schedules give
rise to high fuel consumption, low use of existing assets, and collection
of half-full containers, among others. For these reasons, a large number
of municipalities and regional governments have clearly staked achieve
convergence towards alternative proposals based on route optimization
that considers tracking of waste levels and operational analytics. These
proposals allow to reduce operative costs, recover investment costs,
help to meet sustainability goals, and improve quality of service per-
ceived by the residents.

The generation of routes is a well-studied optimization problem
introduced by Dantzig and Ramser (1959) and termed Vehicle Routing
Problem (VRP). Broadly speaking, this problem is aimed at designing
routes for a fleet of vehicles in order to satisfy the demands of a set of
customers while optimizing some criteria. In this study, the goal is to
collect a set of waste containers. Also, it is worth mentioning that, in
real-life scenarios, the routes are subject to length and temporary
constraints, among others. It is known that the VRP and its many var-
iants have been of the most broadly studied in the scientific literature
over the last decades (Braekers, Ramaekers, & Van Nieuwenhuyse,
2016). The most conventional objective of the problem is to minimize
the total cost traveled by the vehicles. However, this criterion can be
guided in terms of reduction of negative externalities and eco-effi-
ciency. This encourages to find suitable trade-offs between environ-
mental cost and economic impact in routing problems.

According to the green perspective, the variants of the VRP can be
classified as (i) the Green VRP (GVRP), (ii) the Pollution Routing
Problem (PRP), and (iii) the VRP in Reverse Logistics (VRPRL). GVRP is
aimed at minimizing the required energy, PRP tackles the minimization
of greenhouse gas emissions, whereas VRPRL is related to the dis-
tribution aspects of reverse logistics (Lin, Choy, Ho, Chung, & Lam,
2014). In the following we review some relevant works about GVRP
published over the last years. A mixed-integer linear formulation and a
reduction procedure for the GVRP are presented by Leggieri and
Haouari (2017). This formulation offers compactness and flexibility in
comparison to previous proposals found in the literature. Furthermore,
Poonthalir and Nadarajan (2018) propose a bi-objective fuel efficient
Green Vehicle Routing Problem with varying speed constraint. A Par-
ticle Swarm Optimization is proposed to solve the problem. Tirkolaee,
Hosseinabadi, Soltani, Sangaiah, and Wang (2018) propose a new
model for the multi-trip Green Capacitated Arc Routing Problem in
order to minimize the total cost, which includes the cost of generation
and emission of greenhouse gases. In this case, the problem is solved by
means of a hybrid genetic algorithm.

The waste management industry involves a large number of stake-
holders. Some of these are citizens, authorities, companies aimed at
collecting waste, agencies impacted by the collection activity, etc.
Unfortunately, the goals of these collectives are usually conflicting.
From the optimization perspective, the main objectives addressed in the
literature are the environmental impact (Tavares, Zsigraiova, Semiao, &
Carvalho, 2009), the number of vehicles (Hansmann & Zimmermann,
2009), the required staff (Hansmann & Zimmermann, 2009), the length
of the collection routes (Ustundag & Cevikcan, 2008), the total time
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(Arribas, Blazquez, & Lamas, 2010), the balance of route lengths per-
formed by different employees (Lopez-Sanchez, Hernandez-Diaz,
Gortdzar, & Hinojosa, 2018), or the service total cost (Arribas et al.,
2010). The interested reader is referred to the works by Han and Ponce
Cueto (2015) and Sulemana, Donkor, Forkuo, and Oduro-Kwarteng
(2018) to obtain a comprehensive review of methods and optimization
criteria. In this paper and according to the particular objectives of the
waste management company, we focus our attention on firstly max-
imizing the fill level of the collected containers. In spite of this, we also
assess the impact of the proposed routes in terms of fuel consumption,
distance, and time, among others.

Finally, it is worth mentioning that, over the last years, some in-
novative and promising initiatives to optimize the waste collection
based on Internet of Things systems and devices have appeared on the
market (Navghane, Killedar, & Rohokale, 2016). An example is to use
sensors that allow to monitor indicators such as fill level, tilt, and
temperature of the containers (Ramos, de Morais, & Barbosa-Povoa,
2018). In spite of the fact that these initiatives are gaining popularity
because of their effectiveness, they are still highly expensive, and
therefore not open to most of the scenarios. The objective of sensor-
based systems is to obtain and report confident data about the whole
waste collection process (Faccio, Persona, & Zanin, 2011). However, in
the absence of such systems, it is necessary to exploit knowledge ex-
tracted from historical data in order to estimate the status of the pro-
cess, and therefore to anticipate best strategies. Some highlighted ex-
amples can be found in the works by Lu, Chen, Peng, and Shen (2015)
and Lu, Chen, Ho, and Wang (2016). In this regard, we use historical
data about the collection process with the aim of estimating the fill level
of the containers, and therefore designing routes to collect containers
selectively.

3. Problem description

This section is aimed at describing the Eco-efficient Vehicle Routing
Problem, in short Ee-VRP. This optimization problem consists of de-
signing routes to be followed by a fleet of vehicles for each day within a
planning horizon H of several days. Each vehicle of the fleet is required
to follow a route in each day of the planning horizon. In this regard, a
feasible route is a sequence composed of waste collection points to be
visited by a collection vehicle. The objective function of the Ee-VRP
aims to maximize the recyclable waste collected from containers during
the planning horizon.

The Ee-VRP can be formally described by means of a complete di-
rected graph, G =(0,A). The definition of G includes
0 ={6, 6,, ...6,}, which is a set of n locations and
A=1{(6,6):6,6€0,i # jl. Also, PC © represents the set of m
waste collection points and is defined as P ={P, P, ..,B,}.
Furthermore, the set E is defined as E = {ey, e,, ...,e,}, where each ele-
ment ¢; € E is the start or end location of the routes. Hence, ® = E U P,
whereas E N P = @. A distance d;; > 0 and a travel time are known for
each arc (6, 6) € A.

A waste collection point, P, = {c], c;, ...,c,i(i)}, is composed of (i)
containers, where cj‘: is the j-th container that belongs to the i-th waste
collection point. This way, the set of all the containers is defined as
follows:

m
C=UPR
2 e
The containers in a waste collection point are dedicated to collect waste
of similar type: paper and cardboard packaging (blue containers) or
plastic packaging and cans (yellow containers). This means that con-
tainers of different types do not belong to the same waste collection
point.
The set of waste collection points are collected by means of a fleet of
vehicles denoted as V = {v;, v,, ...,v}. Each vehicle can collect only one
type of container: paper and cardboard or plastic packaging and cans.
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Therefore, P(v) is defined as the set of waste collection points that can
be collected by vehicle v € V. It is worth mentioning that all the
containers included into P(v), Vv € V are dedicated to collect recycl-
able waste of similar type. We consider a horizon H consisting of several
days; H = {h;, ...,hs} The origin location of vehicle v € V is denoted as
o(v) € E, whereas t(v) € E denotes its target location. In addition,
when a waste collection point is visited in a route, all its containers are
collected. The vehicles in the Ee-VRP have unlimited capacity, in such a
way that they can collect waste from the collection points with no limit.
In practice, this means that the volume and weight of the collected
waste is significantly lower than the capacity of the vehicles. However,
the maximum duration of the route of the vehiclev € V indayh € H is
defined as W, expressed in hours and derived from the working day of
the truck drivers who perform the collection of recyclable waste.

Each container ¢ € C has associated several parameters and in-
formation about its status. More specifically, every container ¢ € C has
a fill level f(c, d), which indicates the normalized percentage of con-
tainer capacity filled by waste and where d is the number of days since
the last collection and a fill rate g(c) > 0 that determines the increase in
the normalized percentage of container capacity by day. It is therefore
assumed that each container ¢ € C is filled over days according to g(c).
That is:

f(e, d) = max(1, g(c)-d + b(c)), 2

where b(c) is the level of the container after collected. It should be
noted that the larger the time period from the last collection, the higher
the fill level. Also, the containers can be full, and thus no additional
waste is allowed. q(c)-d + b(c) > 1 indicates the container i € C is
overflowing after d days since its last collection. Furthermore, each
container ¢ € C requires a collection time s(c) > 0. In practice, this
time is mainly derived from the location of the container in the waste
collection point and the driver skills. Accordingly, the time required to
collect the waste included into the containers belonging to the waste
collection point i € P is defined as follows:

1@
Si = Z S(C}),

= ®
where s(cj) corresponds to the collection time of container c}, and
s; =0,V ieE. Similarly,

R )
@ =15 > fd d),
=1 4

corresponds to the fill level of the waste collection point i where f (c}, d)
is the fill level of container z:J’ In addition, it is assumed that each waste
collection point i € P has been collected d; > 1 days before the begin-
ning of the planning horizon. For example, if a given waste collection
point i € P has been collected the last Friday of a week and it is re-
quired to define the routes to be follow during the next week, d; = 3,
corresponding to the elapse of time between Friday and Monday.

In summary, the Ee-VRP consists of designing feasible routes for
each day of the planning horizon and type of recyclable waste that will
be carried out by the fleet V' of vehicles that collect recyclable waste
while maximizing the fill level of collected containers. In spite of the
presence of this primary objective, the waste management company is
also interested in, when possible, reducing the current number of
routes, the fuel consumption, and the number of overflowing con-
tainers.

4. Mathematical formulation

Once the Ee-VRP has been described in Section 3, in the current
section the sets of variables and restrictions that determine a feasible
solutions of the problem are formally defined. Therefore, the Ee-VRP
can be formulated by means of a Mixed-Integer Programming (MIP) as
follows. First of all, we herein define the variables used in the model:
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® X, binary variable set to 1 if vehicle v goes from location i to j in
dayh,Xi}’h = 0 otherwise, Vi # je®,ve V,heH.

® Y}, binary variable set to 1 if location i is visited by vehicle v in day
h, Yj, = 0 otherwise, Vie O,ve V,he H.

® T, real variable that represents the start time of the collection of
waste at collection pointi, Vi € P, during day h, h € H .

The constraints that state values of these variables that correspond
to feasible solutions are the following.

> Xop= 2, X =WeV, he H
jeP jep 5)

> Xiw= ), Xpi€P, veV, he H
jeo jeo (6)

> Xy <Yjpi€eP, veV, heH
jeo @)

Tjhznh+s,+t,,—M-[1— > Xiy,,]i,jee, heH

vev ®)
T+ si+tup) S Wi €0, veEV, heH ©9)
umyey Yy, <li€e P,heH (10)
Xj€{0,1}i,je0©,vEV, he H 1D
Y,€{0,1lieP,veV, heH 12
Th>20i€0®, heH (13)

Firstly, constraints (5) specify the start and end of each route at
point o and f respectively, whereas the flow balancing at waste col-
lection point is guaranteed by constraints (6). Constraints (7) determine
that a waste collection point can be visited by a route only if this waste
collection point has been assigned to that route. Constraints (8) ensure
the connectivity of the routes while constraints (9) guarantee that the
maximum working time is respected by all routes. Each waste collection
point can be assigned to at most one route, as stated by constraints (10).
Finally, constraints (11)-(13) define the variables domains.

Moreover, the set of days in the planning horizon in which the
collection point i € P has been collected before day h € H can be
computed as follows:

h
Dip=1d< c—=
’ { Zoer Ym] 14)

The number of days since the last collection of the pointi € P in day
h € H is defined as follows:

_ |h— max(k: k € Dy), Dy # @
Nin = H, + h, D=0 (15)

On the basis of the previous discussion the objective function of the
Ee-VRP can be formally defined as follows:

min Y Y > [0 Vi

veV ieP heH (16)
where f; (7;,) is the fill level of the waste collection pointi € P at day h
after 7, days since its last collection given by Eq. (4).

5. Solution approach

In this section, an approximate optimization technique aimed at
solving the Ee-VRP is presented. Its design is encouraged by two main
issues. Firstly, as discussed in the computational experiments, La Palma
has several hundreds of collection points and the mathematical for-
mulation proposed in Section 4 has a limited applicability in scenarios
with such dimensionality as this. Secondly, in the middle term, the
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Fig. 1. General scheme of the solution approach integrated into the current technological infrastructure.

waste management company is highly interested in considering dy-
namic information of the environment, state of the traffic, main in-
cidents, etc. when designing the collection routes. This means that the
proposed technique should be inherently flexible to handle such in-
formation. For these reasons, it is required to count on versatile tech-
niques able to report high quality solutions in short computational
times.

In general terms, determining the set of collection points to be
visited in each day of the planning horizon by each vehicle is the main
decision to take in the optimization problem. However, it should be
noted that the collection of containers in a day has a high impact on
subsequent days of the planning horizon. This is derived from the fact
that the containers are completely emptied when collected, and there-
fore the fill level of the involved containers is reduced to zero. At the
same time, the larger the time period from the last collection, the higher
the amount of recyclable waste, but increasing the risk of obtaining full
or overflowing containers. This means that the decisions taken in a
certain day give rise to changes in the quality of the collection routes in
subsequent days. An intuitive framework based upon designing in-
dividual collection routes for each day of the planning horizon is
hereafter discussed.

The proposed solution approach is integrated into the daily activity
of the operator company as depicted in Fig. 1. The operator company
owns a private waste management platform to monitor the collection
and transport of recyclable waste to the existing waste processing
plants. This platform is also used by the decision makers of the com-
pany to design the daily collection routes by hand. Nowadays, the
routes are usually designed for weeks on end. Then, the routes are
obtained by the truck drivers through a mobile application. The data
gathered in the collection of containers is stored in a database system
provided by the waste management company. These data can be con-
sumed by means of web service endpoints, which enable to be in-
tegrated into other tools. In particular, our solution approach is em-
bedded into the existing technological infrastructure as a black box. As
can be seen in the figure, it exploits data stored by the waste man-
agement company and provides the collection routes to be followed by
the truck drivers. Also, we use information provided through the
Google Distance Matrix API” in order to obtain more accurate estima-
tions about the travel times and distances in the routes. The proposed

2 https://developers.google.com/maps/documentation/distance-matrix/
start.

collection routes are checked by the decision maker of the operator
company before sending to the truck drivers. It is worth mentioning
that, in spite of the fact that, the decision maker is still present in the
scheme, its role as route designer has been replaced and reduced to
tackle unexpected events.

The proposed solution approach seeks to design the set of routes to
be followed by the fleet of vehicles for each day within the planning
horizon. It is based on the general framework of the Greedy
Randomized Adaptive Search Procedure (Feo & Resende, 1995), here-
after GRASP. GRASP is a consistent multi-start two-phase meta-heur-
istic that has been applied for solving a wide range of real and large
variants of routing problems. The scientific literature contains a large
amount of combinatorial optimization problems solved by GRASP. The
interested reader is referred to the work by Resende and Ribeiro (2010).

The pseudo-code of the solution approach is depicted in Algorithm
1. Firstly, it is required to know the distances and travel times between
all the waste collection points (lines 1-2). The procedure is described in
Section 5.2. The solution approach repeatedly gets good solutions by
building a collection of routes (lines 4-18), and keeps the best in Spey,
while the stopping criterion is not satisfied. It should be noted that at
each step the solution under construction, s, is initially empty (line 5).
This means that no feedback between consecutive iterations of the al-
gorithm is considered. Then the solution approach builds a collection of
routes (lines 8-12). These routes are designed in each day of the
planning horizon, h € H (line 6), for every vehicle, v € V (line 7). This
way, kH routes are built by the solution approach to obtain a feasible
solution, s. In order to build a route, the set of waste collection points
that can be collected by the vehicle v must be determined, P (v) (line 8).
This is the subset of all the points composed of containers aimed at
collecting recyclable waste of the type collected by the vehicle v. In
practice, v is not able to collect the recyclable waste associated with all
the containers in P(v) without breaking constraints derived from the
maximum time of the routes. For this reason, it is firstly required to
know the number of days since the last collection of the containers (line
9), and then a selection of waste collection points must be carried out.
With this goal in mind, the fill level of all the containers included into
P(v) is determined (line 10). This process is described in Section 5.1.
Furthermore, the individual routes are built by means of the method
described in Section 5.3. Once a feasible route, r, is obtained, it is added
to the solution under construction, s. In this regard, s will be feasible
when a route for each vehicle and each day is defined.
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Algorithm 1. Pseudo-code of the proposed Greedy Randomized
Adaptive Search Procedure aimed at solving the Ee-VRP

Output: sp.5. Best solution found during the search

1 dj;j < Compute distances between P
2 t;; < Compute travel times between P
3 Spest < 0
4 while stopping criterion not satisfied do
5 s 0
6 for h € H do
7 for v € V do
8 P(v) < Waste collection points that can be collected by v
9 h(c),Ve € C < Days since the last collection of container ¢
10 fle,h(c)),Ve € C < Determine fill level of containers
11 r < Build route for v during day h
12 Add r to s
13 end
14 end
15 if s is better than spest then
16 Sbest < S
17 end
18 end

19 return Spese

The construction method used to build individual solutions (Section
5.3) is non-deterministic. This means that, even using the same input
data, different routes can be potentially reported in each execution. In
this scenario, a multi-start procedure that repeatedly applies the con-
struction method and outputs the best solution found over all trials is
considered (lines 4-18). In each iteration, the last built solution, s, is
compared with the best solution found by the algorithm, sy If s has a
higher objective function value than sps (Eq. (16)), or it has similar
objective function but shorter total travelled distances or lower number
of overflowing containers, the best solution is replaced by s. The multi-
start procedure iterates until a given stopping criterion is met.

5.1. Estimated fill level

One of the most relevant elements when designing the collection
routes of the waste management company is to establish the subset of
containers to be collected by the fleet of vehicles in each day. In this
regard, the company is interested in collecting only those containers
with the highest fill level, in such a way that the optimization criterion
can be maximized, but while avoiding the existence of overflowing
containers. With the goal of determining the attractiveness of the
containers to be collected, their fill levels are used. Unfortunately, due
to the lack of sensorization associated with the containers in the
100
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Fig. 2. Examples of fill rate.

environment under analysis, their fill levels must be estimated on the
basis of the historical data stored by the waste management company or
from other sources.

The estimated fill level of a container ¢ € C after h days since the
last collection is computed by means of Eq. (2). However, in order to
compute the estimated fill level, a fill rate, g(c), is required to be
known. In this case, according to the data stored by the company, it is
reasonable to assume that the containers are filled lineally over time,
but with heterogeneous fill rates. Fig. 2 depicts two examples of con-
tainer with different fill rates. More advanced models that take into
account social or geographic aspects, seasonal concerns, etc. are an
open line for further research. As can be seen, the container is full after
5 days when the fill rate is 0.181 (red line), whereas this time is longer
when fill rate is 0.073 (blue line). In this regard and as indicated in
Section 3, a container c is estimated to be overflowing when
q(c)-h + b(c) > 1 after h days. This is useful for decision makers be-
cause this function allows to estimate the amount of recyclable waste
not collected as well as the time during the container has been full
before its collection.

5.2. Estimated distances and travel times

In spite of the fact that maximizing the fill level of the collected
containers is the optimization criterion in the problem, the decision
makers are also interested in obtaining routes with reasonable distance.
In addition, the routes are constrained by the working day of the dri-
vers. For these reasons, the distance and travel times between each pair
of collection points should be known to design efficient routes.

Most of the aforementioned data to design new routes are obtained
from the routes that vehicles carried out previously and that are stored
in the database of the waste management company. Unfortunately, the
waste management company has no data about most of the distances
and travel times in its database. This is because of the routes that in-
clude those collection points for which there are no historical travel
times have never been designed. Additionally, there are travel times
between points that are not reliable, updated, or contain errors. In order
to solve the cases of lack or erroneous information, Google Maps
Platform, and specifically its API Distance Matrix, have been used to
compute and correct travel times.

Overall, it was essential to apply a correction factor and add the
collection time of a container to the travel times between collection
points. The correction factor has been obtained from the relation be-
tween a large sample of travel times stored in the database of the
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company route planning systems and the travel times provided by
Google Maps Platform for the same pairs of points. This value indicates
that vehicles use, in general terms, around 50% more time than those
provided by the Google Distance Matrix API. As mentioned above, the
collection time of containers have been added to the travel times. It is
assumed that once the vehicle has stopped in front of the container, the
time required to empty its contents in the vehicle and locate the con-
tainer in the same place to continue the route is stable. In other words,
this time is similar for all containers regardless of their content and
location, among others. The values stored in the database of the waste
management system and the information extracted from the interview
phase with the agents responsible for the waste collection, establish a
reasonable time of 120s.

5.3. Designing routes

As indicated before, a new collection route must be designed at each
step of the GRASP. With this goal in mind, we propose a flexible semi-
greedy constructive method. Its pseudo-code is depicted in Algorithm 2.

Algorithm 2. Pseudo-code of the method used to build routes of the
GRASP

Computers & Industrial Engineering 137 (2019) 106047

some waste collection points cannot be included without exceeding this
bound. These waste collection points are consequently ruled out from
the selection process.

Moreover, the semi-greedy constructive method reports feasible
solutions of the optimization problem under analysis. However, the
quality of the routes could be enhanced by applying some improvement
strategy. In this case, the Lin-Kernighan heuristic proposed for the
Traveling Salesman Problem is used (Helsgaun, 2000). Applying this
technique allows to reduce the distance traveled by the vehicle when
visiting the sequence of waste collection points. This potential im-
provement enables to add new waste collection points to the route
under construction (lines 2-11). Finally, the process is finished by re-
turning the built route, r (line 12), when any improvement can be ob-
tained.

6. Computational results
This section is dedicated to present the computational experiments
carried out in this work. The main objectives of the computational

experiments are described as follows:

1. Evaluating the solution approach used to propose improvements on

Input : v. Vehicle used in the route

P(v). Set of waste collection points that can be collected by v

K. Size of the restricted candidate list
Output: r. Collection route of vehicle v
r < (o(v),t(v))

while improvement do

Evaluate the candidate elements in P(v)
RCL < Build the restricted candidate list
p « Select an element from the RCL
Add waste collection point of p to route r
Update the set of candidate elements

end

Apply improvement strategy to r

end

return r

© X N O A W N e

=R e
N = O

while P(v) is not empty and constraints are satisfied do

It receives the vehicle to be used in the route, the set of waste col-
lection points that can be collected by it as well as the size of the re-
stricted candidate list as input parameters. Each route is here defined as
a sequence of waste collection points to be visited by the corresponding
vehicle. The first step in the design process is to build a route, r,
composed of the starting and ending locations for vehicle v and with no
waste collection points (line 1). Then, the impact of each available
waste collection point on the objective function value when included in
each potential position of the route is evaluated (line 4). According to
this evaluation, a restricted candidate list composed of those waste
collection points and position in the route with the highest increment of
the objective function value is built (line 5). This list is sorted by the
increment of the objective function value, in such a way that those
candidates with the highest increment have higher probability of being
used to update the route. The size of this list is restricted by the para-
meter x, whose value is set by the user. One of the candidates, p, in the
restricted candidate list is selected by a roulette wheel selection (line 6).
The corresponding point is added to the route under construction (line
7). Once the point has been added to the route, the set of candidate
elements is updated (line 8). This process is repeated until no additional
waste collection point can be added to the route while fulfilling the
constraints imposed by the optimization problem (lines 3-9). It should
be noted that, due to the maximum duration constraints of the route,

route planning for collection of recyclable waste from eco-efficient
perspective.

2. Comparing the current routing scheme carried out in the past by the
operator company to the results of the proposed optimization
technique.

3. Analyzing several eco-efficient indicators that are of the interest for
the waste management company.

The computational results referred to throughout this section were
performed by a personal computer equipped with an Intel Core 2 Duo
E8500 3.16 GHz and 4 GB of RAM. The solution approach was devel-
opment using the Java SE 8.0 language. The computational time that
the solution approach requires to solve the scenario under analysis
stands at around 1 min. Notwithstanding, the computational times are
not very relevant for the waste management company. This is partly
due to the fact that the process of planning routes would be performed
the night before the first day of the planning horizon. The stopping
criterion used in the solution approach is defined based on the number
of iterations. Hence, the search of solutions is repeated a certain
number of iterations, specifically 10 iterations in the computational
experiments carried out, and the best solution obtained after the de-
fined number of iterations is returned.

The current section is split into the following subsections. Firstly,
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st O

(a) Paper and cardboard packaging
containers and waste processing plants

(b) Plastic packaging and cans contain-
ers and waste processing plants

Fig. 3. Containers and waste processing plants distribution in La Palma.

Section 6.1 introduces the characteristics of the geographical scenario
in which the route planning is performed. Then, Section 6.2 describes
the data used to design the real case instances addressed in this work,
including the containers location, the distances and travel times be-
tween containers, and other relevant information. Finally, the analysis
and comparison of the solutions provided by the proposed solution
approach and the previous planning scenarios are presented in Section
6.4.

6.1. Scenario under analysis

It is necessary to describe the geographical context in which the

(a)

(¢) Truck scale display

project is developed in order to understand the particularities of the
data cited above. The island of La Palma has an area of 708.32 km? and
their territory is very rugged, reaching 2426 m. at Roque de los
Muchachos, the highest point on the island. It is the second island with
the highest altitude in the Canary Islands. Additionally, it is one of the
Canary Islands with the largest forest area. The total population is
87,324 inhabitants. Around 25% of the total population of La Palma is in
the municipality of Los Llanos de Aridane, and about 40% in El Valle de
Aridane. The population is highly concentrated in two cities, Santa Cruz
de La Palma (eastern side) and Los Llanos de Aridane (western side). In
addition, La Palma registers a high level of unclassified population,
which shows the number of tourists it receives annually. Concerning

(d) Truck scale platform

Fig. 4. Waste recycling plant in the island of La Palma.
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Fig. 5. Fill level of containers.

transport infrastructure, the roads of La Palma constitute a network of
510.06 km. Most of the roads are paved and in reasonable conditions,
although practically all have many curves. The main roads are de-
scribed below. The roads, LP-1 and the LP-2, compose the main ring
road of La Palma with 157.88 km. The LP-3 road, with an extension of
25.9km, is a mountain road that crosses the island from east to west
passing through two excavated tunnels. A 47.84 km road, LP-4, ascends
to the Roque de los Muchachos, going down the northern slope of the
island. The LP-20, is a 3.70km ring road that avoids the passage
through the urban area of one of its cities with largest population, Santa
Cruz de La Palma. The road network is completed with 47 more sec-
ondary roads.

6.2. Data summary

Most of the input data used in this work comes from the real case study
in La Palma, Canary Islands, Spain. Therefore, a huge portion of the
computational experiments input data are real data used in the application
context of recycle waste collection described in this work. The main input
data are related to containers location, ending/starting points as depots
and waste processing plants, the distances and travel times between con-
tainers and vehicle operations, and the fill level of the containers.

The distribution of the containers across the island of La Palma is
organized in collection points. The instance based on real data of the
technology and research transfer project addressed has 774 containers
distributed in 338 collection points. The containers can be split into 399
containers for recyclable plastic packaging waste and 375 containers for
recyclable paper and cardboard waste. Fig. 3 shows the containers
distribution around La Palma. The capacity of all containers is homo-
geneous, specifically 30001. Regarding the starting depots and waste
processing plants, there are three known starting and ending points. In
particular, there are three points whose locations are found in Brena
Alta, Mazo, and Los Llanos, municipalities of La Palma. Fig. 4 shows
one of the waste processing plants located in La Palma, specifically the
two types of recyclable waste and the truck scale and its display re-
spectively. The real data of the containers, collection points, and
starting and ending points belonging the instances are taken from the
private waste management platform of the operator company in charge
of designing the routes and managing the resources used in them.

The other essential data set for the design of recyclable waste col-
lection routes is composed of the costs or travel times of the vehicles
and distance between the collection points, and starting and ending
points. Hence, the cost data are structured in two square matrices,
My = (dyj) and M, = (t), relative to distances and times between

Computers & Industrial Engineering 137 (2019) 106047

Table 1
Summary of the comparison carried out between the mathematical model and
the heuristic approach.

Mathematical model Heuristic solution

Paper Plastic Paper Plastic
Pickup points visited: 122.00 112.00 81.00 75.00
Containers visited: 173.00 158.00 115.00 111.00
Day 0:  Total Distance (m.): 93102.00 99299.00 117429.00  141474.00
Total Time (s): 23391.73 23397.79 23382.92 23382.22
Fill Level (%): 77.05 61.81 90.44 71.27
Pickup points visited: 98.00 92.00 24.00 38.00
Containers visited: 147.00 129.00 37.00 49.00
Day 1:  Total Distance (m): 89629.00 142891.00  148410.00  152071.00
Total Time (s): 23352.56 23383.54 23397.72 23388.41
Fill Level (%): 49.84 39.16 88.51 66.77
Pickup points visited: 119.00 80.00 58.00 42.00
Containers visited: 167.00 107.00 81.00 60.00
Day 2: Total Distance (m): 104786.00 121183.00  140483.00  152698.00
Total Time (s.): 23367.76 23305.24 23389.38 23360.33
Fill Level (%): 46.70 36.85 86.74 72.29
Pickup points visited: 103.00 93.00 83.00 58.00
Containers visited: 148.00 131.00 103.00 79.00
Day 3: Total Distance (m.): 112359.00 113072.00  113375.00  136794.00
Total Time (s): 23392.88 23335.64 23357.65 23397.78
Fill Level (%): 45.10 46.76 87.53 66.86
Pickup points visited: 108.00 96.00 56.00 47.00
Containers visited: 150.00 134.00 81.00 72.00
Day 4:  Total Distance (m): 92495.00 146495.00  131091.00  150099.00
Total Time (s): 23388.84 23395.02 23398.82 23385.59
Fill Level (%): 50.01 41.27 84.33 75.166

collection points respectively. These matrices have size of N X N, with
N equivalent to the sum of the collection points number and starting
and ending points with 1 < i, j < N. Both matrices have the following
characteristics:

o The entries in the main diagonal are all zero, d; = 0 and t; = 0 for
all1<i,j<N.

o All the off-diagonal entries are positive, d; > 0 and d;j > 0, if i # j.

e The matrices are not symmetric, d; # d; and t; # t; for some
1<i,j<N.

Due to the complicated orography of the region with a rugged ter-
rain and high altitudes, the road network presents abrupt changes in
altitude with high inclines and many curves. This fact can be seen in the
no direct proportion between entries d; and ¢; of the road distance
matrix and travel times matrix, respectively.

Regarding the fill level of the containers, and as previously men-
tioned in Section 5, a function has been developed to estimate the fill
level of the containers. However, in order to study the historical data
available through the private waste management platform of the op-
erator company, the routes carried out by the vehicles and the fill levels
in the collection of the containers were analyzed. The relative percen-
tages of times that a full container is collected is 50%, 25% for con-
tainers at 2/3 of its capacity, and 12,5% for containers at 1/3 of its
capacity and vacuum. In other values, of every 8 container collected, 4
are full, 2 to 2/3 of its capacity, one to 1/3 of its capacity and another
empty. The Fig. 5 illustrates the historical fill level of the containers.

6.3. Comparison of mathematical model and heuristic solution approach
The mathematical model proposed in this paper (Section 4) provides

a mean to formally define the optimization problem under analysis
without ambiguity. However, since the daily fill levels depend on the
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Table 2

Summary of the comparison carried out between the proposed algorithmic
approach and the current scenario during the first week of October.

Table 6
Average fill level of containers collected.

Week day Month day Historical Solution
Indicator Proposed Scenario Current Scenario fill level fill level
Routes 10 13 Monday October 2 69.588% 80.857%
Time (h) 65 128.9 Tuesday October 3 62.228% 77.646%
Time per route (h) 6.5 9.915 Wednesday October 4 53.594% 79.522%
Distance (km) 1383.924 1162.534 Thursday October 5 54.189% 77.203%
Distance per route (km) 138.392 89.426 Friday October 6 58.479% 79.749%
Containers 788 1215 Total 61.113% 78.995%
Container by day 157.6 243
Overflowing containers 115 Unknown
Fill level (%) 78.995 61.113
. MIP solver. Therefore, once the solution provided by CPLEX for the first
E:igg;z:z S;g;our (/) 1523::?; 4 18‘;’33:83 day is obtained, the fill level of containers for the second <'1ay are ul?-
Consumption (1) 624.225 1238.729 dated, and CPLEX solves the problem for the second day. This process is
Consumption by kilogram (1/kg) 0.040 0,067 repeated for the following days until the planning horizon is completed.
Distance by kilogram (km/kg) 0,088 0,063 Accordingly, a small computational experimentation has been car-
Time by kilogram (m/kg) 0,247 0427 ried out to test this alternative solution approach with the reduced
model formulation and it has been found that CPLEX has difficulties to
provide high quality solution when the problem reaches the dimensions
Table 3 . . . . .
Routes duration. corresponding to the scenario presented in this work. This method has
been applied to the real case analyzed in this work and the results show
Week day Month day Operation time its deficiency. Table 1 describes the data of the comparison.
Monday October 2 12.085h In the case of paper and cardboard waste collecAtion, where the in-
Tuesday October 3 15.470h stance has 375 containers to collect, the results provided by CPLEX 12.9
Wednesday October 4 10.290 h for the planning horizon are worse than those provided by our heuristic
Thursday October 5 10.805h solution approach. It can be seen that the fill level of the solutions
Friday October 6 14.900h obtained by CPLEX are considerably lower than those obtained by the
Average 12.89h heuristic solution approach. The maximum execution time used by
CPLEX is two hours for each day of the planning horizon whereas the
heuristic solution approach execution time requires around 1 min. As
Table 4 ) regards instance of plastic packaging waste collection, the number of
Routes distance. containers reaches 399. The solutions provided by CPLEX using a
Week day Month day Historical Solution maximum of 2h of execution time per day of the planning horizon are
distance distance worse than those obtained by the heuristic solution approach.
Monday October 2 72.087 km 129.451 km
Tuesday October 3 84.947 km 150.240 km 6.4. Analysis and solution comparison
Wednesday October 4 137.778 km 146.590 km
Thursday October 5 80.204 km 125.084 km
Friday October 6 85.156 km 140.595 km In this section, an analysis and solution comparison is carried out
between the proposed solution approach and that implemented by the
Average 89.426 km 138.392 km operator company along a given planning horizon. In order to perform
the comparison, the route planning carried out by the operator com-
Table 5 pany is extracted for a one-week planning horizon. Specifically, the first
Number of collected containers. week of October, from Monday 2 to Friday 6.
Another relevant input information refers to the moment of the last
Week day Month day Historical Solution containers collection at the time of planning the routes in the beginning
number number . . . i . .
of the planning horizon. The objective is to take into account the precise
Monday October 2 242 226 time during which each container has been collecting recyclable waste
Tuesday October 3 304 86 deposited. This information is obtained from the private waste man-
Wednesday October 4 145 141 agement platform of the operator company that indicates the days that
Thursday October 5 198 182 have passed since the last collection of each container until the begin-
Friday October 6 326 153
ning of the planning horizon. If this information is not available, in
Total 1215 788 order to determine the initial value of the number of days a container

has not been collected, we use the information that contains the con-
tainers and the last day of the week in which they usually are collected.

containers collected the previous days, the mathematical optimization
model is not a linear programming problem, and thus it cannot be
implemented directly through MIP solvers such as IBM ILOG CPLEX.®

An alternative way of using the mathematical model is to consider
only the reduced model corresponding to a single day. In this case, the
fill level of the containers are known and the mathematical model is
linear. Hence, the reduced model can be solved by CPLEX or any other

Based on this information, the days until the day before the beginning
of the planning horizon are counted.

Regarding to the characteristics of the available vehicles fleet, some
important data are the number of vehicles, type of recyclable waste that
can collect and capacity of each vehicle. It is assumed that, for practical
purposes, vehicles have unlimited capacity since in case of operating
the maximum time allowed and collecting full containers there would

be sufficient capacity. Additionally, there are two vehicles for each day
of the planning horizon, one for each type of recyclable waste.

3 https://www.ibm.com/analytics/cplex-optimizer. The comparative results are shown for the week of October 2-6,
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(a) Historical solution (b) Proposed solution

Fig. 6. Monday, October 2. Paper and cardboard packaging.

(a) Historical solution (b) Proposed solution

Fig. 7. Monday, October 2. Plastic packaging and cans.

(a) Historical solution (b) Proposed solution

Fig. 8. Tuesday, October 3. Paper and cardboard packaging.

(a) Historical solution (b) Proposed solution

Fig. 9. Tuesday, October 3. Plastic packaging and cans.

which is a week without holidays on La Palma and whose previous management platform. The maximum working time is set to 6,5h per
week does not have holidays either, in order to avoid that special cir- route.

cumstances may affect the comparison in a decisive way. The com- The global indicators that summarizes the computational results
parison is carried out with the results of the route planning carried out achieved by the solution approach introduced in Section 5 and the se-
by the operator company as it is reflected in their private waste lected route planning carried out by the operator company on first

Este documento incorpora firma electrénica, y es copia auténtica de un documento electrénico archivado por la ULL segun la Ley 39/2015.

Su autenticidad puede ser contrastada en la siguiente direccidn https://sede.ull.es/validacion/

I denti fi cador del docunento: 2528892 Cbdigo de verificaci 6n: tpBnHIpl

Firmado por: Airam Expésito Marquez Fecha: 08/06/2020 01:07:10

UNIVERSIDAD DE LA LAGUNA

José Andrés Moreno Pérez
UNIVERSIDAD DE LA LAGUNA

08/06/2020 02:01:01

Julio Antonio Brito Santana
UNIVERSIDAD DE LA LAGUNA

08/06/2020 11:26:21

Maria de las Maravillas Aguiar Aguilar
UNIVERSIDAD DE LA LAGUNA

23/06/2020 17:53:09

110/ 143



Universidad de La Laguna
Oficina de Sede Electréonica

Entrada

N° registro: 2020/32474
N° reg. oficina: OF002/2020/31762
Fecha: 10/06/2020 13:03:50

A. Expdsito-Mdrquez, et al. Computers & Industrial Engineering 137 (2019) 106047

i st Lo oty vt
P A s s

(a) Historical solution (b) Proposed solution

Fig. 10. Wednesday, October 4. Paper and cardboard packaging.

(a) Historical solution (b) Proposed solution

Fig. 11. Wednesday, October 4. Plastic packaging and cans.

gtk
(a) Historical solution (b) Proposed solution

Fig. 12. Thursday, October 5. Paper and cardboard packaging.

(a) Historical solution (b) Proposed solution

Fig. 13. Thursday, October 5. Plastic packaging and cans.

October week, are described in the Table 2. management company to evaluate the actions of recyclable waste col-
The summary table shows indicators related to logistics aspects and lection throughout the country. Three groups are established to dif-
environmental impact of route planning for collection of recyclable ferentiate and group the presented indicators. The first group consists of

waste. The indicators presented are widely used by the national waste indicators related to distance, duration, and number of routes to be
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(a) Historical solution

(b) Proposed solution

Fig. 14. Friday, October 6. Paper and cardboard packaging.

(a) Historical solution

(b) Proposed solution

Fig. 15. Friday, October 6. Plastic packaging and cans.

carried out. Consequently, the second group contains indicators related
to the fill level and the number of containers collected. The environ-
mental impact of the recycling process is included in the last group of
indicators. The time and distance required to collect one kilogram of
recyclable waste, the amount of recyclable waste collected, and fuel
consumption are some of the indicators collected in the last group.

In Table 2, it can be seen that the use of the solution approach
described in Section 5 allows to improve a large part of the indicators
used by the national waste management company to evaluate the ac-
tions of collecting recyclable waste. The maximum duration of each
route carried out by a vehicle each day is 6.5h. This requirement was
established by the waste management company in order to study the
feasibility of collecting the containers within a working day of a driver
per vehicle. Assuming a normal working day of 8 h, the remaining 1.5h
are covered by possible unexpected events (e.g, weather conditions,
traffic jams, etc.) and rest periods.

Currently, the waste management company makes use of more than
10 routes during a week (e.g., 13 routes in the current analysis com-
parison). Consequently, this requires a high amount of working hours.
As a result, the requirement of reduce maximum duration seeks to re-
duce labor costs in the medium term. Regarding to the current case, a
total of 128.9h instead of 65h proposed by the solution approach.
Nonetheless, the distance traveled by the vehicles is increased due to
the working hours reduction. This fact is motivated by the strategy that
exists in the selection of the collection points used by the meta-heur-
istics. More specifically, the containers collected are those with the
highest fill level, regardless of distance to which they are located.

Additionally, the fill level of the containers is better in the proposed
solution (78.995% compared to 61.113%), notwithstanding the re-
duction in time and number of routes to be carried out. According to the
comparative data, vehicles increase their productivity during the col-
lection process. Regarding the amount of recyclable waste collected, the
proposed solution is nearly equivalent to the routes planning the op-
erator company, however, the time required and the fuel consumption
of the vehicles to collect the recyclable waste is significantly reduced.
These data describe a reduction of the environmental impact that is
especially important for national waste management company.

The Tables 3-6 present the data of the comparison according to each
day of the week for the selected planning horizon.

Figs. 6-15 show several examples of the routes obtained by the
proposed solution approach for the selected planning horizon in com-
parison with the route planning proposed by the operator company.
The figures shows that the proposed route planning have larger routes
and lower number of containers collected across La Palma. Nonetheless,
the mechanism of selecting the most convenient containers to collect
increases the amount of recyclable waste in each collection, increasing
the distance traveled by the vehicles.

7. Conclusions and further research

This paper proposes a solution approach to solve a hard waste
collection problem in La Palma (Spain). In light of the implementation
and results derived from the project, it has to be firstly emphasized that
the existing data about the whole waste management process is a major
asset, both for waste management and operator companies. In this re-
gard, one of the fundamental advantages associated with data avail-
ability is the possibility of evaluating multiple collection strategies. The
main objective of evaluating strategies from the data is to select the best
options in decision making processes. At the same time, as a con-
sequence of the evaluation processes of alternatives or decision support,
new opportunities are opened to focus the activities. In fact, the pro-
cesses of evaluation of alternatives and optimization of decisions based
on a continuous data update allow converting decision making into a
process of continuous performance improvement.

As demonstrated in the computational experiments, the availability
of data allows to design efficient optimization techniques to solve the
optimization problem under analysis. In this regard, we propose a
technique based on the general framework of Greedy Randomized
Adaptive Search Procedure. It firstly carries out a container selection
strategy that obeys the main optimization objective: maximizing the fill
level of the collected containers. For this purpose, the containers with
the best estimated fill level are selected. Subsequently, an improvement
strategy is used to reduce the travel time of the routes, which allows to
insert new containers. The selection of containers can be modulated to
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meet other types of criteria. The most direct effect of the use of these
smart strategies is to obtain a cost reduction to achieve equivalent or
better performance levels in the selective collection. As a result of the
optimization of the collection routes, an improvement in the different
environmental indicators is obtained by reducing the operating time,
fuel consumption, and emissions produced by the vehicles while the
levels of collection are maintained and even improved. As a final result,
a higher quality in the service delivery is achieved as the collection is
more efficient and effective, and in an indirect way it can meet other
criteria without reducing the overall performance.

Moreover, a very relevant aspect of the proposed solution approach
is its great adaptability to tackle new optimization criteria and con-
straints. The technique offers a variety of alternatives that meet the
applied criteria and imposed requirements but that differ in other col-
lateral aspects. This allows to make decisions based on relevant char-
acteristics of the proposals that have not been initially imposed.
Furthermore, the technique takes advantage of the available informa-
tion at any time to allow a dynamic behavior adapting his response to
the changes that are detected while the collection process occurs.
Therefore, the changes in the context that are reflected in the updates of
the input data are directly assumed by the solution approach to adapt
its proposal. Also, adding new requirements is done automatically by
adapting the container selection criteria and the evaluation of the route
improvement movements, giving rise to high quality proposals re-
specting the constraints. At the same time, the particularities of the
proposed approach allow its easy and effective integration with other
technological tools to take advantage of the dynamic information, and
thus quickly provide solutions that can be applied directly. Lastly, this
high adaptability of the developed solution approach allows the ex-
trapolation of its good performance to other territories where the re-
quirements and applicable criteria have different characteristics.

On the basis of the contributions presented in this paper, several
promising lines are still open for further research. The waste manage-
ment company provides special service to several social and sporting
events in the island throughout the year. These require the deployment
and collection of a set of temporary containers aimed at fulfilling the
demand generated by the events. The changes in the availability of
resources, traffic flows, etc. are still an open problem to be analyzed
and solved by the company. Also, the waste management company is
interested in reducing the impact of the collection process on the rest of
the residents and tourists as well as on helping to other public services.
For this reason, it requires to consider time slots to collect certain
containers in the middle term. Lastly, the operator company is highly
interested on integrating the information about fuel prices and location
of fuel station in the design of the collection routes, in such a way that
the fuel consumption will be eventually minimized.
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Appendix A. Notations

Graph

Set of nodes in G

Set of arcs in G

Planning horizon, expressed in number of days
Set of start and end points

Set of collection vehicles

Number of vehicles

~amET> 09

Computers & Industrial Engineering 137 (2019) 106047

m Number of waste collection points

n Number of locations

r Number of start and end locations

o(v) Origin location of vehicle v € V

t(v) Target location of vehicle v € V

1(i) Number of containers in the waste collection point i € P
P Set of waste collection points

P, Set of containers in waste collection point i

P(k) Set of waste collection points that can be collected by vehicle
ke{l,2, ..,K}

c} Container j that belongs to waste collection point i € P

C Set of containers

f(c, h) Fill level of container ¢ € C since h days from the last col-
lection

q(c) Fill rate of container ¢ € C

b(c) Fill level of the container ¢ € C after collected

fi(h) Fill level of waste collection pointi € P since h days from the
last collection

s(c) Collection time of container c € C

Si Collection time of the containers found in locationi € V'

tij Travel time between waste collection point i and j

d; Distance between waste collection point i and j

Wia Maximum working time of vehicle k € {1, 2, ...,K} in day
defl,2, ..H}

Dy, Set of days in the planning horizon in which the collection
point i € P has been collected before day h € {1, 2, ...,.H}

Nin Number of days since the last collection of the pointi € P in
day h = {1, 2, ...,H}

M Big constant
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In tourist sector, expert and intelligent systems should perform at least two main tasks or services: point
of interest recommendation and route generation. In this regard, the personalized electronic tourist guide,
generally implemented on hand-held device, such as mobile applications or in web. These tools must
work like an expert and intelligent system that perform the services mentioned above then they should
need low computation effort. In this paper we focus on the route generation based on scores of the points
of interest and the distance or time between them. We consider a new extension of the Tourist Trip De-
sign Problem, named Tourist Trip Design Problem with Clustered Points of Interest, where points of inter-
est are grouped in clusters representing different types of attraction sites. Moreover, minimum/maximum
limits are imposed on the number of points of interest belonging to the each clusters that are visited
in the same route. Since it is a novel problem, we generate two sets of instances in order to evaluate
the accuracy of our solution approach. A Fuzzy GRASP (Greedy Randomized Adaptive Search Procedure),
in which both distance based and score based evaluation criteria are used to guide the candidates se-
lection in the construction phase is proposed. The results provided by our heuristic are compared with
those obtained by solving the MIP formulation. Computational results carried out on real and real-like
instances show the effectiveness and efficiency of the proposed approach and its suitability to be part of
a Personalized Electronic Tourist Guide in hand-held devices.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

The Tourists visiting a touristic area, for one or several days,
face the problem of selecting which points of interest (POIs) to
visit and to design a route for each trip day. Before the tourist ar-
rive to destination they have to spend time in compile information
about POIs in destination in order to planning visits in the stay-
ing days. They have to consider the POIs to visit, their visit time,
traveling times between POIs, and other information to planning
their touristic route for each day of staying. This issue that taking
into account the preferences of the tourist and several information
about POIs is a time-consuming task.

In tourism industry the application of expert and intel-
ligent systems play an important role in tourist satisfaction
(Kabassi, 2010). Expert and intelligent systems are one of the
prominent research domains of Artificial Intelligence and they are
specially applicable to tourism services. Broadly, this systems in-
clude two main services; recommendation of point of interest
and route generation. In tourist services, the Personalized Elec-

* Corresponding author.
E-mail addresses: aexposim@ull.edu.es (A. Expésito), simona.mancini@unica.it (S.
Mancini), jbrito@ull.edu.es (J. Brito), jamoreno@ull.edu.es (J.A. Moreno).

https://doi.org/10.1016/j.eswa.2019.03.004
0957-4174/© 2019 Elsevier Ltd. All rights reserved.

tronic Tourist Guides (PETs) is an integrated solution that performs
two services discussed above on a hand-held device. An exten-
sive review of PETs can be found in Vansteenwegen (2008a) and
Souffriau (2010).

In this paper we focus on the task of route generation com-
bining heuristic solution approach and a new problem of tourist
routes. The planning of tourist routes is a challenging quest involv-
ing a number of issues such as visiting time required for each POI,
POI's opening time windows, traveling distance among POIs and
time available for sightseeing for each day. Each POI is associated
to a score, which represent its level of attractiveness and touris-
tic interest. The basic version of the Tourist Trip Design Problem
(TTDP) has been modeled in the literature as a Team Orienteering
Problem with Time Windows (TOPTW) (Gavalas, Konstantopoulos,
Mastakas, & Pantziou, 2014). However, real applications involve fur-
ther several issues therefore to provide a more realistic representa-
tion of the reality, additional constraints need to be addressed. In
this paper, we present the Tourist Trip Design Problem with Clus-
tered POIs (TTDP-Clu), in which we consider that the set of POIls
are clustered by categories representing different types of visiting
sites (museum, amusement park, beach, restaurant, etc.). The goal
is to define a set of feasible routes, one for each day of staying, that
maximize the total score collected. The routes must start and end
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at a given starting point (which represent the hotel) and the du-
ration of each route, (computed considering both travel, visit and
waiting times) cannot exceed a maximum value. In addition, for
each category the number of POIs that can be visited on a single
day may be bounded or even fixed. For instance, for the category
of restaurants for lunch the number of visits for each route must
be exactly one, while for other categories we can have only one
side limits.

Due to the computational complexity of TTDP we propose
a metaheuristic approach for solve the aforementioned problem.
Specifically we propose a fuzzy version of standard GRASP meta-
heuristic. The fuzzy GRASP proposed differs from standard GRASP
for consider a fuzzy set of promising POIs to be include in the so-
lution. The proposed metaheuristic is compared with the results
obtained by solving the MIP formulation of the proposed problem.

The remainder of the present paper is organized as follows.
Section 2 reviews the main models of the TTDP and their appli-
cations in the literature. Sections 3 and 4 is dedicated to the pre-
sentation of the problem formulation and associated objectives.
A Fuzzy Greedy Randomized Adaptive Search Procedure (Fuzzy
GRASP) metaheuristic for the resolution of the proposed prob-
lem is introduced in Section 5. The computational experiments
are discussed and analyzed in Sections 6 and 7. Finally, the main
conclusions and several lines for further research are provided in
Section 8.

2. Literature review

The TTDP has becoming an interesting topic of research in the
last years (Vansteenwegen & Van Oudheusden, 2007). Tourists re-
quests and expectations have become higher than in the past. This
information is used to plan their trip in details in order to ex-
ploit their time in the most productive way visiting the most in-
teresting visiting sites. Travel agencies generally propose thematic
predefined routes but tourists would like to construct their suited
ad-hoc itinerary taking into account their own preferences and in-
terests. A trip that seems to be interesting for somebody cannot be
satisfactory for other tourists. Moreover, in order to properly en-
joy a site, a minimum visit time is requested. For instance, it is
not satisfactory to visit the Louvre in Paris for just half an hour
since several hours are necessary to actually appreciate the mu-
seum in its totality. The TTDP belongs to the category of Vehi-
cle Routing Problems (VRPs) with Profit, i.e. particular version of
the VRP in which each node is associated with a profit and in
which it is not mandatory to visit all nodes. For a complete sur-
vey on VRPs with Profit we refer the reader to Archetti, Sper-
anza, and Vigo (2014). Problems belonging to this family may
be grouped in three distinct categories. The first category is one
known as Capacitated Profitable Tour Problems (CPTPs) presented
for the first time in Tang and Wang (2006). CPTPs aim at max-
imizing the difference between collected profit and travel costs.
The second one, the Prize-Collecting VRPs (PCVRPs) introduced
by Archetti, Feillet, Hertz, and Speranza (2009), aims to minimize
the total travel costs guaranteeing a collected profit higher than
a prefixed threshold. The last category and the most addressed
in the literature is known as Team Orienteering Problems (TOPs)
(Chao, Golden, & Wasil, 1996). The objective of TOPs consists of
maximizing the collected profit respecting a maximum travel time
(or travel cost) for each route. The TTDP can be described as an ex-
tension of the TOP, therefore the following literature review is fo-
cused on the third category of problems. Several exact and heuris-
tic solution methods have been proposed to address the TOP. Two
exact approaches based on Column Generation have been pro-
posed in Butt and Ryan (1999) and Boussier, Feillet, and Gen-
dreau (2007). An approximated method has been presented in
Blum et al. (2007). The first greedy algorithm has been proposed

in Butt and Cavalier (1994). More recently, several metaheuris-
tics have been presented in the literature: Tabu Search (Archetti,
Hertz, & Speranza, 2007; Tang & Miller-Hooks, 2005), Memetic Al-
gorithms (Bouly, Dang, & Moukrim, 2010) and Particle Swarm Opti-
mization (Muthuswamy & Lam, 2011). The current state-of-the-art
method in terms of computational efficiency and effectiveness is
the Large Neighborhood Search (Vidal, Maculan, Ochi, & Vaz Penna,
2015).

The TOPTW is an extension of the TOP where nodes can be vis-
ited only within a specific Time Window. This problem is more
suitable to describe TTDP in which, typically, POIs are charac-
terized by an opening time window. Due to the complexity of
the problem, the greatest part of papers on this subject deal
with heuristic algorithms. A Local Search algorithm has been pre-
sented in Labadi, Mansini, Melechovsky, and Wolfler Calvo (2012),
while Lin and Yu (2012) proposes a Simulated Annealing and
a GRASP hybridized with evolutionary algorithms. The current
state-of-the-art algorithm is the Iterated Local Search designed
by Vansteenwegen, Souffriau, Vanden Berghe, and Van Oudheus-
den (2009). A Multiple Time Windows extension has been ad-
dressed in Tricoire, Romauch, Doerner, and Hartl (2010).

In Garcia, Linaza, Arbelaitz, and Vansteenwegen (2009), a Time
Dependent version of the TOPTW (TDTOPTW) has been presented.
This problem better describes TTDPs in which travel times between
locations may sensibly vary during the day due to traffic conges-
tion or to public service frequency changes (Garcia, Vansteenwe-
gen, Arbelaitz, Souffriau, & Linaza, 2013). A real touristic appli-
cation with data coming from the city of Athens in Greece has
been presented in Gavalas, Konstantopoulos, Mastakas, Pantziou,
and Vathis (2015).

Further extensions of the TOP have been studied in the liter-
ature such as the Capacitated Team Orienteering Problem (CTOP).
In CTOP each node is associated with a profit as well as a weight,
and to each vehicle is associated a maximum weight to be car-
ried (Archetti et al., 2009). Although this problem is worthing of
interest, this is not suitable for tourist trip design problem. This
problem is more adapted to describe application in freight deliv-
ery, door-to-door selling and waste collection.

From a tourist trip design perspective, the most interesting ex-
tension is the Multi-Constrained Team Orienteering Problem with
Time Windows (MCTOPTW) introduced in Sylejmani, Dorn, and
Musliu (2012). In MCTOPTW each POI is associated with a score for
different categories (like: touristic interest, cost, etc.). Additionally,
for each route, the total score collected in each category must not
exceed a given maximum value specific for the category. The prob-
lem has been solved by a Tabu Search. A further extension of the
MCTOPTW that considers multiple time windows has been pre-
sented in Souffriau, Vansteenwegen, Vanden Berghe, and Van Oud-
heusden (2013).

In recent years, many real applications of TTDP tools have
been addressed (Vansteenwegen, 2008b). Different personalized
electronic tour guides (PETs) have been proposed. The first
one is described in Garcia, Linaza, and Arbelaitz (2012), while
in Gavalas, Kenteris, Konstantopoulos, and Pantziou (2012) a
guide dealing with single-day tours (DAILYtrip) has been pro-
posed. A web application termed City Trip Planner presented
in Vansteenwegen, Souffriau, Vanden Berghe, and Van Oudheus-
den (2011) is able to provide itineraries for a multi-day trip. The
application is currently working with real data coming from 5
cities in Belgium.

Migliorini, Carra, and Belussi (2018) developed a tourist trip
recommendation system in which the focus is to exploit real-time
information about crowding at POIls, with a consequent potential
increment of visiting time due to queuing phenomena. Neverthe-
less, their approach shows some differences respect to ours. They
focus on a single trip, while we provide a multi-days planning.
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Their goal is mainly to maximize the number of visited POIs dis- « Maximize:
carding that some of them may be more interesting to be visited ZZP'Y"‘ )
respect to others. Moreover, they are not making difference be- P i
tweens categories of POIs, therefore their system is less customiz- < 'e
able, since it does not take into account users preferences on cate- * subject to:
gory of POIs to be visited (museums, beaches, amusement parks). ngl_ _ ZXJI;U -1 keKk (2)
.. jel® Jjel°
3. Problem description
k _ ko

In this section we report a detailed description of the TTDP-Clu. inj - iji ielkek ®3)
To each POI i is associated a score or profit p;, a visit time v;, an jer Jer®
opening time window [e; ;] and the category, ¢, to which it be-
longs. The index i = 0 denotes the starting and ending point that Zx,'j <YK ielLkek (4)
usually corresponds to the hotel, apartment or other kind of ac- jel°
commodation of the tourist. This point and the POIs are considered
as the vertices or nodes of a connected graph. Each POI can be in- T > T+ v+t — M(1 - in’;') iell jel (5)
cluded in at most one route. The sets of POIs of each category ce C kek
constitute a partition of the set of POIs I. The minimum and max-
imum number of visited POIs of category c is bounded by given T4 Ui+tg <Tnax i€l (6)

values N™" and N™, The number of visits to a given cluster can
be fixed by using equal bounds N™" = N™aX We can also model
one side limits by choosing N™™ to 0 or N™ to the number of ei<Ti<li—-viel (7)
POIs of category c.
For each pair of nodes, i and j, is known the travel time t;. The

graph is directed, i.e. t; may be different from ¢;. The total score Zyik <1iel (8)
is given by the sum of the score or profit p; of all the visited POIs keK

i. The total time of each route cannot exceed Tmax. This time is

computed as the sum of the corresponding travel times plus the Ném'n < ZYik <N keK ceC (9)

visit times of the POIs included in the route.
The number of routes to be constructed is fixed and known in

advance. Xl’j e{0,1} i,jel® keK (10)

4. Mathematical formulation

ielc

Yk 1} ielLkek 11

The TTDP-Clu can be formulated as a Mixed-Integer Program- Fefo1} ielke (an
ming (MIP) as follows. Let us first define the following sets, pa-

rameters and variables. >0 icl (12)

Sets:
X A solution of the problem consisting of the m = |K| routes is
» Cset of categories identified by the variables Xy, i, jeI°, ke K. Then the variables Y¥
* K'set of routes that identify the POIs visited for each routed can be obtained by
* I set of POIs . Yk = 3. 0 XK. The objective function concerns the maximization
« [° set of POIs belonging to category ¢ lf th ’GH 'tj d profit and i ted in (1
« 19 set of nodes (I = 19\ {0}) of the collected profit and is reported in (1). ) )
To ensure that the routes constitutes a feasible solution we
Parameters: need to get values for the variables T; i<l that satisfy the above
constraints. Constraints (2) state the start and end of each route at
point 0 (the hotel or accommodation). Constraint 3 guarantee the
route continuity by ensuring that if a vehicle arrives at a POI then
it will also depart from it; and conversely. Constraints (4) impose
that a POI can be visited by a route only if this POI has been as-
signed to that route. Constraints (5) relates the arrival time of to
two consecutive POIs i and j, while constraints (6) guarantee that
the maximum route duration is respected by all routes. M is a con-
stant large enough to make constraints (5) not binding when POI
j is not visited just after POI i. We set constant M to Tmax. In this
Variables: way whenever the term (1 — ZkEKXi’;.) is equal to 1, i.e. when j is
not visited immediately after i, the constraint becomes not binding.
Constraints (7) guarantee that time windows are respected. Each
POI can be assigned to at most one route, as stated by constraints
(8). Constraints (9) impose that, for each cluster c, the number of
! ; . X . . POIs are visited in each route is between N™" and N™, Finally,
. T,-'nonnegatlve variable; T; is the start time of the visit to POI i, constraints (10)-(12) specify the variables domains.
Viel A feasible solution is given by the assignment of values for all
The starting time of the trips Ty is arbitrary set equal to O as the variables Xl‘j Vi" and T; that satisfies all these constraints. How-
well as its visit time vy. The TTDP with Clustered POIs is the prob- ever, a solution consisting of m = |K| routes given by the assign-
lem: ment of values for the variables XI.‘;. can be not feasible due to

e p; POl i score or profit, Viel

e t;; travel time between point i and j, Vi, jel®

e v; visit time for POl i, Viel

o Tmax Maximum route duration, Yk e K

e [e;, I;] opening time windows for POl i, Viel

o NMiN minimum number of POIs belonging to cluster c to be in-
cluded in each route, Yce C

e NP3 maximum number of POIs belonging to cluster ¢ to be
included in each route, Yce C

. Xi’;. binary variable; Xi’j. =1 if route k goes from i to j, Xi’j. =0
otherwise, Vi#jelf, ke K

« Y¥ binary variable; Y} = 1 if POl i is included in route k, Y¥ =0
otherwise, Viel, keK
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the combination of the time windows constraints and cluster min-
imum constraints (7) and (9).

Given m = |K| the number of routes and n = |I| the number of
POIs, this model has n? + 2nm + 5n + 2m + |C| constraints and n® +
nm + n + 2 variables.

5. Solution approach

In order to return high quality solutions for the defined op-
timization problem, a Fuzzy GRASP has been used. The standard
GRASP is a two-phase metaheuristic, consisting of a construc-
tion phase and a local search improvement phase (Resende &
Ribeiro, 2016). It is executed a number of maxIterations times in
a multistart strategy and the best solution found is kept. The stan-
dard GRASP construction phase provides a feasible solution by iter-
atively randomly selecting a new POI from a Restricted Candidate
List (RCL) with size given by the parameter RCLsize. Subsequently,
the neighborhood of the solution is explored until a local maxi-
mum is found in the local search phase. The pseudo-code shown in
Algorithm 1 illustrates the main phases of a standard GRASP pro-

Algorithm 1 Pseudocode of a GRASP.
1: function GRASP(maxiterations, RCLsize)
2: readInput()
3: for i:=1 to maxIterations do
4 solution = GRASPConstructionPhase(RCLsize)
5. solution = localSearch(solution)
6
7
8
9

updateSolution(solution, bestSolution)
: end for
: return bestSolution
: end GRASP

cedure where maxlterations is the number of iterations and RCLsize
is the size of the Restricted Candidate List used in the constructive
phase.

Algorithm 1 first reads the input data (line 2). For maxitera-
tions times the GRASP constructive procedure obtains a new solu-
tion that is stored in variable solution (line 4). Then this solution is
improved by the local search procedure localSearch (line 5). If the
solution is better than the best solution found so far and stored
in variable bestSolution then it is updated by procedure updateS-
olution (line 6). Once the maxiterations iterations are completed,
Algorithm 1 returns the best solution obtained and stored in vari-
able bestSolution (line 8).

The detailed pseudo-code of the construction phase of the stan-
dard GRASP procedure designed for the TTDP-Clu is shown in
Algorithm 2. The algorithm starts with an initial solution con-
sisting of m = |K| routes with the necessary POIs visited to sat-
isfy the N{, constraints. This initial solution is returned by
Algorithm 3 that start with an initial solution consisting of m = |K]|
empty routes. In order to initialize the solution partialSolution,
Algorithm 3 follows several steps similar to those described be-
low for the Algorithm 2. If the Restricted Candidate List becomes
empty during the construction phase it fails to provide a feasible
solution and a new iteration must be performed.

In the steps below of the construction phase, the solution con-
struction mechanism builds a solution step-by-step by adding a
new POI to the current partial solution under construction with-
out destroying feasibility.

Each position to insert POI j is given by a triplet (j, i, k) where
Yik = 1. This insertion consists in visiting POI j just after i in partial
route k; i.e., between POI i and the next point h in this route. This
insertion is termed feasible if the resulting solution satisfy the time
windows and time limit constraints. Each new POI j (Yj" =0, Vk)
is always inserted in the best feasible position of a partial route;

Algorithm 2 Pseudocode of the Construction Phase of the stan-
dard GRASP for the TTDP with Clustered POls.

1: function GRASPConstructionPhase(RCLsize)

2: Initialize partialSolution = minClusterConstructive(RCLsize)

3: while (it is possible to visit new POIs) do

4 CL=9¢

5 for all POI j eI do

6: Find the best feasible triplet (j,i,k) to insert this new
POI j in partialSolution according to greedy time function
FG.ik)

7: Add the feasible triplets (j,i, k) to the Candidate List CL

8:  end for

9:  Create the Restricted Candidate List, RCL, with the best
RClLsize triplets (j, i, k) from CL according to f

10:  Select a random triplet (j, i, k) from RCL

11:  Update the variables of route k by inserting the POI j at po-
sition i

12: end while

13: return partialSolution

14: end GRASPConstructionPhase

Algorithm 3 Pseudocode of the constructive algorithm for mini-
mum cluster constraints.
1: function minClusterConstructive(RCLsize)
2: Initialize the partialSolution with m empty routes
3: Create set P = {all POI j € I, with N™ 0} of POIs
4: while ((it is possible to visit new POIs) and (N™™ constraints
are not satisfied)) do

56 CL=¢

6: for all POl j e P do

7 Find the best feasible triplet (j,i,k) to insert this new
POI j in partialSolution according to greedy time function
fG.ak)

8: Add the feasible triplets (j,1, k) to the Candidate List CL

9: end for

10:  Create the Restricted Candidate List, RCL, with the best
RCLsize triplets (j,i, k) from CL according to f

11:  Select a random triplet (j,i, k) from RCL

12:  Update the variables of route k by inserting the POI j at po-
sition i

13: end while

14: return partialSolution

15: end minClusterConstructive

i.e., that feasible position with the lowest increasing of the route
duration. It is important to note that the first and the last nodes
of each route are fixed and coincide with the hotel. Therefore the
new POI j can never be inserted as first or last position in a route.
The new solution is obtained by first setting the decision variables
ij’ X,.’; and X}’.‘h to 1, and then, for the only index h such that Xk

is 1, this variable XX.’;1 is set to 0. Therefore, the start time of the
visit for this new POI j is computed by T; = max{e;, T; + v; + t;;}.
The starting times of the next points in the route are computed it-
eratively using this formula, replacing i by j and j by its next point,
until j becomes the end point (j = 0). The feasibility is tested by
the corresponding time limit constraints (6) for this route and by
the time window constraints (7) of the inserted POIs and the next
ones. The triplets are evaluated by a greedy time function f that
computes the increment of the route travel time due to the corre-
sponding insertion.

Most of the times, the value of this function is given by
(i k) = tij +v; +wj +tj, — tj, for the above index h, where w;
is the waiting time for visiting time windows opening at point j.
This waiting time is equal 0 if T; +t;; > e; while wj =e; — T, +t;;
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otherwise. However it also depends on the waiting times of the
remainder POIs of this route.

The standard GRASP metaheuristic uses the greedy function f
to construct a RCL with the POIs to be inserted in the solution.
The standard GRASP builds the RCL by selecting RCLsize feasible
insertion triplets (j, i, k) with best values for the greedy function
f. This work proposes a fuzzy extension of this standard GRASP by
considering the only the fuzzy set of good POIs to insert in the
triplets of RCL. This fuzzy set is based on the scores or profits of
the POIs (Moreno-Pérez & Moreno-Vega, 2003). Let the member-
ship function () of this set be stated by (1(j) = pj/pmax, Where
pj is the score associated with POI j and pmax is the highest score
of all POIs that are in the RCL. Then the set RCL* of the best POIs
in RCL is constructed by the o — cut of RCL associated with (),
with « €10, 1].

RCL* = {(j.i,k) e RCL: u(p;j) > a}}

The new POI that is inserted in the current partial solution is
chosen at random from RCL* instead of from RCL. The parameter o
is fixed by the decision maker in order to state the relative quality
requirements of the POIs, maximizing the score, to be inserted in
the partial solution.

The proposed pseudocode of the Fuzzy GRASP construction
phase is shown in Algorithm 4. The Algorithm 3 is modified in the

Algorithm 4 Pseudocde of the Construction Phase of the Fuzzy
GRASP for the TTDP with Clustered POIs.

1: function GRASPFuzzyConstructionPhase(RCLsize, o)

2: Initialize partialSolution = minClusterFuzzyConstructive(RCLsize)
3: while (it is possible to visit new POIs) do

4 CL=9¢

5 for all POI j eI do

6: Find the best position i to insert j in a partial route k
of the partialSolution according to greedy time function
fii k)

7: Add the feasible triplets (j, i, k) to the Candidate List CL

8: end for

9:  Create the Restricted Candidate List, RCL, with the RCLsize
triplets (j, 1, k) from the top CL

10:  Get RCL* = {(j,i, k) € RCL: pu(p;) > e}

11:  Select a random triplet (j, i, k) from RCL*

12:  Update the variables of route k by inserting the POI j at po-
sition i

13: end while

14: return partialSolution

15: end GRASPFuzzyConstructionPhase

same way.

In essence, the candidate list is generated from the selection of
the best insertion position of every new POI in a partial route. This
position is determined by their evaluation according to a greedy
evaluation function that computes the increase in time by the in-
corporation of the POI into the route. The procedure locates the
best position in which to insert a candidate POI for all routes, min-
imizing the resulting total time after the insertion. The list of can-
didates is sorted in ascending order according to this increase so
that the candidates with the lowest increase are placed at the top
of the candidate list. The RCL is generated by limiting the candi-
date list size to RCLsize. In the next step, RCL* is obtained as the
o — cut that considers the POIs with best scores. The value of o
is selected by the decision maker. As may be seen, the procedure
combines the criterion of minimizing travel times in RCL construc-
tion and maximizing score in RCL* construction. Through this pro-
cedure, RCL* is formed by the best POIs in travel time and score.
Therefore, the incorporations of POIs to the current partial solution

are among those with the smallest incremental travel time and the
highest score. Next, a POI is randomly selected from RCL* and it is
incorporated into the partial solution. Thus this POI is excluded for
future candidate lists and incremental travel times of the insertion
of other POIs are re-evaluated. The construction phase ends with a
feasible solution.

Regarding the different values that RCLsize can take, we have
selected the following reasonable set of values {3, 4, 5, 6, 7, 8,
9, 10}. These values are analyzed in Section 6 as part of the tun-
ning parameter of the algorithm. The influence of the RCLsize val-
ues is evaluated using nonparametric statistical tests. In advance,
in terms of computational times and accuracy of the solutions, the
statistical tests result do not indicate large differences between the
RCLsize values for the different kinds of instances used. These data
can be seen in detail in Section 6.

On the other hand, the values of « that we use in the computa-
tional experiments are {0.2, 0.4, 0.6, 0.8}. The evaluation of values
influence on the performance of the Fuzzy GRASP are assessment
as part of the tunning parameter in Section 6. As a preview of the
tunning parameter, the statistical tests result that values {0.2, 0.4}
have significantly best performance. The detail information is avail-
able in Section 6.

After the construction phase a local search phase is applied to
improve the solution. Usually a local search algorithm works in-
teractively by replacing the current solution with a better solution
obtained in the neighborhood. The procedure ends when no better
solution is found in the neighborhood. Algorithm 5 shows a basic

Algorithm 5 Fuzzy GRASP improvement phase.
1: function localSearch(solution)
2: s = solution
3: repeat
4:  Find the best neighbor n of current solution s according the
total time
if (TotalTime(n) < TotalTime(s)) then
s=n
end if
: until TotalTime(n) > TotalTime(s) for all neighbor n
. return s
10: end localSearch

©®ND2U

local search algorithm. Our local search uses exchange movements
between POIs of different routes in order to reduce the total time.
This neighborhood search uses a best-improving strategy, all neigh-
bors are explored and the current solution is replaced by the best
neighbor. If the first steps in the local search are able to reduce the
route travel time, then the local search tries to insert a new POI in
the solution in order to maximize the total score.

In general terms, the Fuzzy GRASP try to maximize the total
score of the solution. This two-phase process is iterated, contin-
uing until the user termination is met. The main novelty of the
Fuzzy GRASP approach respect to a standard GRASP is that two
criteria are taken into consideration to construct the RCL, the in-
sertion cost (computed as increment of time) and the increment
of profit. Standard GRASP generally use only one evaluation cri-
teria which is related solely to the insertion cost. This approach
works well on VRPs but yields to poor quality solutions for VRPs
with Profit, since it tends to insert nearest nodes even if they have
small scores while discarding farther nodes with very high scores.
On the contrary, the Fuzzy GRASP is well suited to deal with these
kind of problems.
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6. Computational experiments Table 1
Categories features for large instances.

The computational experiments carried out in our study are de- Category e I; v;
scribed in this section. The aim of the expenmgnys is to evalu- Restaurant 12-13  14-16 30/ 1130’
ate the accuracy of the Fuzzy GRASP metaheuristic proposed to Beach 8-9 18-20 1h—2h
solve the newly introduced TTDP-Clu. Since this is the first time Museum 9-10 16-20 1h-3h
that a solution procedure is proposed for this problem, the results E‘-‘l“‘”z] Events g 0 ?g 2 ;‘5’“ ;‘f‘]’"e

. i . . reen Zones - - /-
pro\{lded by our heurlstlg are c.ompared with th05§ obtained by Amusement Parks 9 — 11 18-20 2h3h
solving the MIP formulation. Prior to the aforementioned compu- Shops 9-10 19-20 1h—3h
tational experiments, a parameter analysis was performed to de- Historical Sites 8-9 18-20 30/—1h
termining the combinations of parameters values with better per-
formance in Fuzzy GRASP, and a comparative experimentation of Table 2
Fuzzy GRASP performance with other metaheuristics of the litera- Ninin & Nmax values for categories for large instances.
ture for the TOPTW was carried out. - -

. ) Tight Flexible

For this purpose, we generate two sets of instances: (a) the first _
set of instances contains 30 small instances with 30 POIs, and (b) Category Nein Nemax Newin Nomax
the second set of instances consists of 72 large instances with 100 Restaurant 1 1 0 1
POIs. Beach 1] 2 0 3

The POIs belonging the small instances are taken from real data Eﬂul;fs';:Evems [1) ? :J ;1
related to touristic attractions in the island of Tenerife in Spain. Green Zones 1 1 0 4
Travel times are computed on a real road network. We consider a Amusement Parks 0 1 0 2
set 30 POIs clustered into 4 different categories. For each POI the Shops Y 2 1 4

Historical Sites 1 2 1 4

visiting time and the opening time windows are taken from real
data and they are fixed for all the instances. The number of routes
to be designed varies from 1 to 5 (m = |K| € {1,2,3,4,5}) and the
maximum route duration is 5, 7.5 or 10 h (Tnax € {300, 450, 600}).
For each combination of m and Tnax we generate two instances,
one, named flexible in which the minimum/maximum number of
POIs to be selected for each category are not strictly binding, and
one, named tight in which the value of Ny, and Nmax are tighter,
and in at least one case, Ny, = Nmax, for a total of 30 small in-
stances.

The benchmark of large instances generated is based on the ge-
ographical data of instances set introduced by Montemanni and
Gambardella (2009) for standard TOPTW. Regarding the geographi-
cal data, there are three kind of instances: instances with clustered
customers (C), instances with random customers (R) and a mix-
ture of random and clustered customers (RC). An specific instance
has been randomly selected from each of these three geographical
data sets, namely the instances r205, c201, and rc207. All these in-
stances have 100 customers that are the POIs of the generated in-
stances. Based on the geographical data of these instances, several
new instances have been generated according to different combi-
nations of parameters described below.

Several parameters of the TTDP-Clu such as number of cate-
gories, earliest and latest time of the time windows, visit times,
minimum and maximum number of visited POIs of a certain cate-
gory, and maximum time per route must be set in order to gener-
ate a new instance. The process of generating instances considers
4, 6, or 8 categories. The data relating to time windows, visit times,
and minimum and maximum number of visited POIs of a certain
category was defined based on the specific category. In addition
and related to Ny, and Nmax, two kind of instances was gener-
ated; flexible instances in which the minimum/maximum number
of POIs to be selected for each category are not strictly binding,
and tight instances in which the value of Ny, and Nmay are tighter.
Tables 1 and 2 show the specification data of the generated in-
stances for each category.

The maximum time of each route is based on the maximum
time of the original selected instances of Montemanni and Gam-
bardella, nevertheless, four instances have been generated by re-
ducing the original maximum time Tpyax. Specifically, the maximum
times used are: Tmax, Tmax — A, Tmax — 24, and Tpax — 3A where
A = (8.5 %720/100). The distribution of the POIs in the categories
is random. However, we ensure that, for each category c, at least

Table 3

Parameter values used in parameter setting of the Fuzzy GRASP.
Parameter Values
Size of RCL RCLsize € (3,4, 5,6, 78,9, 10}

Candidate selections  Se{ Random, Fuzzy better, Fuzzy a-cut 0.2,
Fuzzy a-cut 0.4, Fuzzy «-cut 0.6, Fuzzy a-cut 0.8 }

m x N™n points are generated, in order to ensure the feasibility of
the instance.

Considering the use of 3 instances layout (random, clustered
and random and clustered), 3 numbers of categories, (4, 6 and 8),
2 levels of tightness and 4 different maximum times, a total of
72 different instances are obtained. The number of routes is fixed
equal to 3 for all the instances.

6.1. Parameter setting

Multitude of heuristic approaches have been designed to tackle
optimization problems. Usually, this heuristic approaches have sev-
eral parameters whose values could affect the heuristic perfor-
mance. In this regard, the process of finding the best combination
of parameter values of a given heuristic is termed as parameter
tuning.

Accordingly, the first step of the computational experiments is
to determine the best combination of parameters values for the
proposed Fuzzy GRASP. Consequently it is necessary to state the
parameters of the Fuzzy GRASP whose values are to be determined
and the candidate parameter values. In Birattari (2009), this is the
definition of factors (parameters) and treatments (parameter val-
ues).

We consider two factor for the parameter tuning of the Fuzzy
GRASP:

1. The size RCLsize of the Fuzzy GRASP restricted candidate list
2. The type of candidate selection S in RCL.

Table 3 shows the factors and treatments to assess during the
Fuzzy GRASP parameter setting.

Regarding to the parameter of the candidate selection S, this
work presents a Fuzzy GRASP that constructs the set RCL* by the
o — cut of RCL associated with u(-), with o €[0, 1]. However, in
the parameter setting we have included the candidate selection of
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Table 4
Results of the Friedman test.

N RCLsize

Small instances  {Fuzzy better, Fuzzy a-cut 0.2,
Fuzzy a-cut 0.4}
{Fuzzy better, Fuzzy a-cut 0.2,

Fuzzy a-cut 0.4}

{4,5,6,78,9, 10}
Large instances
(5.6,78,9, 10}

the standard GRASP termed Random in Table 3, and the candidate
selection termed Fuzzy better where the candidate selected is the
one with the highest membership function u(p;) value.

Two different strategies for parameter setting are proposed in
Talbi (2009). The first strategy, termed offline strategy, sets the
parameter values before starting the algorithm execution. Alter-
natively, the online strategy fits the parameter values during the
algorithm execution. We use an offline strategy that was per-
formed to get the best combination of parameter values. The Fuzzy
GRASP was run with all combinations of parameter values listed in
Table 3.

The evaluation of parameter influence on the performance of al-
gorithms can be evaluated using statistical tests. Generally, statisti-
cal tests can be categorized as parametric and nonparametric tests.
Nevertheless, in this work we analyze data of stochastic algorithm
for which parametric tests are not entirely valid (Derrac, Garcia,
Molina, & Herrera, 2011). Accordingly, in this paper we use Fried-
man nonparametric statistical test (Friedman, 1937). The aim is an-
alyze differences in the performance of Fuzzy GRASP with the pa-
rameter values used in the computational experiments.

The first step to developing the parameter setting is the division
of the instances set into a training subset and a test subset. The
purpose of the division of the instances set is to avoid parameter
overfitting with regards to the instances. That is why we randomly
select 80% of the instances for training and 20% for testing. The
Friedman test was applied to the results of the Fuzzy GRASP with
corresponding parameter values described in Table 3. Target values

Table 5
Comparison of heuristics for 1 route.

were obtained by running Fuzzy GRASP 10 times for each of the
randomly selected instances. A value of « = 0.05 has been estab-
lished for the significance level of the statistical test. The results in-
dicate that there are statistically significant differences among the
combinations of parameter values.

Table 4 shows the selected combinations of parameters values
with the significantly best performance for Fuzzy GRASP with large
and small instances.

6.2. Literature comparison

In order to evaluate the performance of the Fuzzy GRASP ap-
proach, this is compared with other heuristics of the state of the
art for the TOPTW. The instances presented in Montemanni and
Gambardella (2009) and Vansteenwegen et al. (2009) are used for
the comparison. Specifically, the scores obtained by our solution
approach is compared to ACO (Ant Colony Optimization) heuristic
of Montemanni and Gambardella (2009), ILS (Iterated Local Search)
heuristic of Vansteenwegen et al. (2009), and VNS (Variable Neigh-
borhood Search) of Tricoire et al. (2010).

Our algorithm is designed for the TTDP-Clu that is a version
of the TOPTW with new constraints. Therefore it is expected that
the performance of this algorithm does not improve the results ob-
tained with the best heuritic for the TOPTW. However, the results
show that it is quite near to the best heuristics from the recent
literature for this problem.

The Tables 5-11 compare the scores. Column one denotes the
instance name. Column two is the best known solution obtained by
the three heuristics with which we compare the Fuzzy GRASP. The
third and fourth columns are the average score and computational
time obtained by the ACO. The fifth and sixth columns present the
score obtained by the ILS and its computational time. The seventh
and eighth columns present the average score and computational
time obtained by the VNS. The ninth and tenth columns present
the best score obtained by the Fuzzy GRASP and its computational
time. The computational times are measured in seconds. The re-

ID BKS  ACO T(s) ILS T(s) VNS T(s) Fuzzy GRASP  T(s)
c101 320 320.0 0.5 320.0 72.2 320.0 72.2 320 0.2
c102 360 360.0 0.7 360.0 102.2 360.0 102.2 360 11
c103 400  400.0 16.9 390.0 106.2 398.0 106.2 390 17
c104 420 4200 335 400.0 1243 418.0 1243 400 83.0
c105 340 340.0 0.9 340.0 871 340.0 871 340 0.1
c106 340 340.0 10 340.0 86.7 340.0 86.7 340 0.1
c107 370 370.0 21 360.0 88.7 370.0 88.7 370 4.6
c108 370 370.0 0.8 370.0 99.3 370.0 99.3 370 0.2
c109 380 380.0 0.8 380.0 118.7 380.0 118.7 380 0.2
r101 198 198.0 0.1 182.0 49.9 198.0 49.9 198 51.0
r102 286 286.0 111 286.0 779 285.2 779 286 47.0
r103 293 292.6 640.6  286.0 90.2 293.0 90.2 293 70.0
r104 303 303.0 164.0 297.0 95.9 303.0 95.9 303 39.0
r105 247 2470 3.0 2470 85.4 2470 85.4 247 95.0
r106 293 293.0 86.3 293.0 89.6 292.2 89.6 293 36.0
r107 299 294.6 9226  288.0 105.5 299.0 105.5 296 2.7
r108 308 306.0 696.1 297.0 119.1 308.0 119.1 308 359.0
r109 277 2770 28.0 276.0 774 2770 774 277 72.0
r110 284 283.2 617.6 281.0 86.0 284.0 86.0 281 53.0
ril 297 296.6 4844  295.0 95.4 297.0 95.4 297 113.0
r112 298 2974 9471 295.0 97.0 2979 97.0 297 291.0
rc101 219 219.0 0.2 219.0 613 219.0 613 219 13
rc102 266 2660 309 259.0 53.3 2660 533 266 42.0
rc103 301 301.0 572 265.0 62.9 2660 629 266 36.0
rc104 301 301.0 294 297.0 58.0 301.0 58.0 301 118.0
rc105 244 244.0 9.7 2210 78.6 2440 786 244 6.8
rc1l06 252 252.0 3086  239.0 719 252.0 719 252 71.0
rc107 277 2770 502.1 274.0 69.6 2770 69.6 277 122.0
rc108 298 298.0 2075 288.0 66.1 297.0 66.1 298 21.0
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Table 6
Comparison of heuristics for 1 route.
D BKS  ACO (s) ILS T(s) VNS (s) Fuzzy GRASP  T(s)
201 870 870.0 507.8 840 11 870.0 507.8 870 95.0
€202 930 928.0 454.8 910 28 9280 454.8 930 219.0
203 960 960.0 614.3 940 17 960.0 614.3 920 480.0
204 980 972.0 484.0 950 16 972.0 484.0 960 280.7
€205 910 908.0 645.4 900 12 908.0 645.4 910 416.2
€206 930 927.0 616.5 910 16 927.0 616.5 920 332
207 930 930.0 599.5 910 21 930.0 599.5 930 1323
208 950 949.0 558.9 930 16 949.0 558.9 940 65.7
201 797 796.7 1021.7 788 12 796.7 1021.7 782 559.8
202 915 905.6 10575 880 14 905.6 10575 915 12324
203 1016 10079 11399 980 16 10079 11399 977 1302.4
r204 1081 1076.3 12535 1073 17 1076.3 12535 1059 860.5
r205 953 952.6 7451 931 14 952.6 7451 953 545.6
r206 1022 1014.0 1168.1 996 1.5 1014.0 1168.1 962 643.5
r207 1072 1061.5 1065.3 1038 20 1061.5 1065.3 1010 447.0
r208 1112 1101.5 1160.8 1069 1.6 1101.5 1160.8 1043 1519.2
r209 950 947.8 925.9 926 24 947.8 925.9 947 1342.4
r210 978 975.9 1065.6 958 1.9 9759 1065.6 975 1305.2
r211 1042 1024.2 1120.7 1023 1.6 1024.2 1120.7 992 1015.3
rc201 795 795.0 640.8 780 1.0 795.0 640.8 774 173.0
rc202 936 925.6 951.5 882 13 925.6 951.5 925 14371
rc203 1003 988.2 938.4 960 2.7 988.2 938.4 960 795.2
rc204 1136 1120.8 970.3 117 23 1120.8 970.3 1056 860.8
rc205 857 845.9 726.6 840 1.0 845.9 726.6 822 619.1
rc206 895 878.4 838.7 860 11 878.4 838.7 866 641.7
rc207 983 960.8 893.5 926 13 960.8 893.5 960 765.8
rc208 1053 1043.5 995.5 1037 23 1043.5 995.5 1037 960.8
Table 7
Comparison of heuristics for 2 routes.
D BKS  ACO 1(s) ILS  T(s) VNS 1(s) Fuzzy GRASP  T(s)
c101 590 588.0 110.8 590 14 587.0 83.8 590 109.8
c102 660  660.0 14274 650 0.9 653.0 100.0 660 83.9
c103 720 710.0 938.9 700 12 717.0 93.8 680 15.3
c104 760 754.0 1355.0 750 15 759.0 96.7 670 3734
c105 640  640.0 1436.6 640 0.8 640.0 68.9 640 15.1
c106 620 620.0 104.6 620 0.8 6200 958 620 0.9
c107 670 670.0 76.0 670 14 669.0 925 670 348
c108 680 680.0 953 670 0.8 680.0 89.7 680 60.3
c109 720 720.0 1817.3 710 0.9 719.0 70.6 720 550.1
r101 349 3490 36.5 330 0.4 3490 353 349 28.2
r102 508 506.6 2006.6 508 0.9 498.5 64.1 501 58.9
r103 522 518.8 1095.1 513 0.9 515.4 51.0 511 187.2
r104 549 5400 22918 539 15 542.5 66.9 546 183.0
r105 453 453.0 1037.3 430 0.8 451.5 66.8 453 57.6
r106 529 523.8 2034.7 529 0.9 518.1 66.4 529 190.7
r107 535 5274 23576 529 1.0 529.0 73.9 527 328.0
r108 556 553.6 1906.2 549 14 5473 63.7 556 825.1
r109 506  505.4 1386.6 498 0.5 505.0 66.3 495 388.0
r110 525 5234 1180.2 515 1.0 509.4 62.5 511 449.2
111 544 5356 1726.2 535 0.6 5374 714 544 573.8
112 544 5416 1653.6 515 0.5 535.2 73.2 530 716.4
rc101 427 427.0 279 427 0.6 419.0 54.9 427 235.1
rc102 505 497.2 1496.9 494 0.8 504.1 61.1 505 59.8
rc103 524 510.2 1965.9 519 11 519.0 53.1 496 6.8
rc104 575 5688 23813 565 0.7 568.2 53.0 575 4753
rc105 480 4784 1676.7 459 0.8 479.8 453 452 915
rc106 483 4802 18651 458 0.6 4779 575 467 2113
rc107 534 530.2 771.5 515 0.5 519.3 63.2 534 187.2
rc108 556 5416  821.0 546 06 5358 532 556 3376

sults are organized according to the number of routes in one, two,

three and four routes.

7. Results analysis

In this subsection we report a detailed comparison of com-
putational results obtained by solving the mathematical model

217

proposed in Section 4 and those obtained by running the Fuzzy
GRASP. The mathematical model MIP is solved with the commer-
cial software Xpress 7.9 with a timelimit of 1 h; i.e.,, 3600 s. The
Fuzzy GRASP has been run on a machine equipped with a proces-
sor Intel Core i7-3610QM CPU at 2.30GHz and 16 GB RAM while
the MIP is executed on a machine equipped with a Intel 17-5500U
at 2.4GHz with 16 GB of Ram. The data from the computational
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Table 8
Comparison of heuristics for 2 routes.

D BKS  ACO (s) ILS T(s) VNS (s) Fuzzy GRASP  T(s)
c201 1460 14520  508.6 1400 2.7 14470 634.5 1440 819.7
c202 1460  1446.0  1568.2 1430 5.1 1457.0 658.7 1460 1513.1
c203 1480  1446.0 23348 1430 3.8 1471.0 568.9 1440 434.7
c204 1480 14360 13732 1460 4.2 1480.0 4203 1450 546.3
c205 1460 14520 9254 1450 3.1 1457.0 593.4 1460 1643.7
c206 1470 14600  1876.4 1440 238 14640 5094 1460 305.1
c207 1480 14520 14340 1450 3.2 1469.0  496.6 1470 24
c208 1480  1462.0  1164.2 1460 2.8 14730 4833 1470 2183
r201 1250 12360  2693.6 1231 21 12321 1401.6 1194 88.1
202 1338 12986  2482.2 1270 23 1333.5 1421.5 1338 2960.2
r203 1407 13494 3057.4 1377 19 1402.7 1148.4 1348 3058.3
r204 1458 1399.0 27135 1440 34 1455.3 785.2 1428 940.3
r205 1378 1342.0  2593.7 1338 28 1366.8 1276.0 1378 2298
r206 1427 1373.8 29544 1401 28 1422.4 1015.9 1376 3543
r207 1458 1385.0 26241 1428 17 1453.6 723.2 1413 407.2
r208 1458 14254 28289 1458 1.6 1458.0 448.7 1455 960.2
r209 1405 1350.6 2988.9 1345 26 1393.0 1076.0 1372 1250.7
r210 1423 13554 24239 1365 1.9 1408.6 912.0 1379 2398.2
211 1457 1403.0 27261 1422 1.9 1457.0 957.5 1424 810.1
rc201 1376 1365.4 1654.3 1305 19 1359.7 8971 1335 922.5
rc202 1500 1464.8 2619.6 1461 21 1487.6 909.1 1401 245.8
rc203 1621 1542.2 2176.2 1573 20 15934 8210 1512 9283
rc204 1716 1614.8 25618 1656 2.1 1710.2 740.8 1639 1687.1
rc205 1455 14174 2115.2 1381 32 1436.3 766.8 1348 525.8
rc206 1546 14956  2105.1 1495 1.9 15234  769.6 1491 494.2
rc207 1566 1523.0 29375 1531 27 1552.2 835.9 1491 1282.7
rc208 1691 16084 25723 1606 17 1676.1 698.2 1630 1590.8
Table 9
Comparison of heuristics for 3 routes.
D BKS  ACO (s) ILS T(s) VNS T(s)  Fuzzy GRASP  T(s)
c101 810 810.0 1515.6 790 11 810.0 67.0 810 1874
c102 920 918.0 4428 890 21 916.0 89.3 920 1751
c103 980 972.0 1415.3 960 22 972.0 914 970 50.1
c104 1030 10040 6817 1010 13 1020.0 78.9 1020 468.6
c105 870 870.0 1010.0 840 1.0 858.0 93.8 850 34.0
c106 870 870.0 1132.3 840 11 867.0 89.5 860 3278
c107 910 910.0 892.7 900 15 905.0 91.8 890 40.2
c108 920 912.0 971.2 900 12 913.0 85.3 920 142.8
c109 970 954.0 13275 950 20 967.0 82.3 950 7513
r101 484 481.0 240.6 481 0.8 4823 429 475 122.6
r102 691 682.0 24354 685 1.0 681.7 66.9 661 96.0
r103 747 729.8 2694.9 720 20 726.6 61.2 716 2428
r104 777 760.6 25314 765 15 759.7 60.2 762 304.9
r105 620 619.2 796.0 609 23 619.2 52.7 605 40.9
r106 726 715.0 755.5 719 21 7174 65.7 726 2151
r107 760 751.6 1998.9 747 11 755.8 60.7 748 3448
r108 797 7818 23885 790 31 7812 70.9 790 628.1
r109 710 701.8 1098.8 699 18 703.9 640 695 4208
r110 737 732.6 1708.5 71 14 7219 63.5 730 150.4
ri11 773 755.4 1286.7 764 18 763.4 65.0 757 616.2
r112 77 758.8 2091.2 758 11 760.0 69.2 742 90.9
rc101 621 620.4 195.7 604 14 619.8 58.7 583 152.5
rc102 m 698.8 1145.5 698 13 710.3 604 698 3284
rc103 747 7414 2754.0 747 11 746.5 67.3 721 60.9
rc104 833 813.2 22770 822 13 824.5 59.8 795 690.8
rc105 682 677.8 1092.0 654 0.8 677.2 63.8 635 396.2
rc106 705 692.4 1748.3 678 1.0 686.2 49.7 682 358.4
rc107 773 748.0 1158.5 745 0.9 761.6 58.2 761 561.4
rc108 795 768.2 1443.7 757 11 778.0 66.9 778 792.6

experiments for the tunning of some of the Fuzzy GRASP parame- 7.1. Small instances

ters are available at Google Drive.! After a tuning process we have

selected to run the Fuzzy GRASP for 100 iterations. This is a good
compromise between effectiveness and efficiency. In fact, an in-
crement on the number of iterations would provide a very small
improvement in the solution quality while sensibly increasing the
computational times.

1 https://goo.gl/LWjyA4

In Table 13 we report the instances features as name, num-
ber of routes and maximum route duration, Tnax, the best solution
(LB) and the best upper bound, (UB), found by the model, the GAP
computed as UB — LB/LB, and the computational time. Optimal val-
ues are reported in bold. As can be deduced from those tables the
most critical parameter is Tmax. In fact, for small values of Tpax
the model is able to quickly solve to the optimality the problems,
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Table 10

Comparison of heuristics for 3 routes.
D BKS  ACO 1(s) ILS T(s) VNS (s) Fuzzy GRASP  T(s)
€201 1810 18100  259.2 1750 2.2 18100 2565 1810 5242
€202 1810 17840 16032 1750 2.0 18100 3215 1790 17513
€203 1810 17380 10399 1760 2.0 18100 1854 1810 388.2
€204 1810 17580 10258 1780 15 18100 2016 1810 1388.5
€205 1810 17960 20073 1770 25 1809.0 2366 1810 67.5
€206 1810 17880 18620 1770 15 18100 2659 1810 99.20
€207 1810 17840 12230 1810 34 18100 2333 1810 49.6
€208 1810 17860 15427 1810 24 18100 2318 1810 19.4
r201 1436 1428.4 1400.0 1408 24 1428.2 814.4 1421 2234
r202 1458 1445.6 1966.2 1443 2.7 1453.7 519.7 1435 3479.7
r203 1458 14524  2564.3 1458 16 14580 2573 1458 186.9
r204 1458 1458.0 174.7 1458 1.0 14580 2117 1458 88.7
r205 1458 1454.8 1830.7 1458 11 1458.0  296.3 1458 24.7
r206 1458 1456.8 13288 1458 11 1458.0 2403 1458 715
r207 1458 1458.0 598.6 1458 1.0 1458.0 2201 1458 81.40
r208 1458 14580  425.6 1458 0.8 1458.0  216.6 1458 121
r209 1458 1456.8 1163.7 1458 11 1458.0 2720 1458 314
r210 1458 1456.2 14281 1458 12 1458.0  289.9 1458 40.7
r211 1458 1457.8 73 1458 1.0 1458.0  200.1 1458 1.8
rc201 1698 1672.0 1084.9 1625 19 1689.4  786.6 1655 451.7
rc202 1719 17014 2230.7 1686 17 1711.6 491.2 1690 3111
rc203 1724 1719.6 1213.2 1724 29 1724.0 3139 1724 7794
rc204 1724 1722.2 1261.3 1724 1.0 1724.0 2228 1724 58.8
rc205 1709 1672.2 1439.8 1659 24 1696.7 573.2 1682 1214.2
rc206 1724 1712.6 2185.2 1708 13 1724.0 3399 1724 12571
rc207 1724 1714.8 25539 1713 15 1724.0 295.1 1724 29453
rc208 1724 1722.2 893.9 1724 11 1724.0 209.5 1724 13.2

Table 11

Comparison of heuristics for 4 routes.
D BKS  ACO (s) ILS T(s) VNS T(s)  Fuzzy GRASP  T(s)
101 1020 10180 10491 1000 3.8 1013.0 785 1020 484.9
c102 1150 11420 12113 1090 18 1139.0 901 1090 166.7
c103 1190 11860 23296 1150 25 1180.0 938 1180 1339.5
c104 1260 12260 14939 1220 3.0 12480 797 1230 1652.8
c105 1060 1052.0  716.5 1030 18 1055.0 850 1030 2011
c106 1080 1058.0 556.8 1040 21 1062.0 82.2 1070 521
c107 1120 1114.0 4113 1100 20 1108.0 83.3 1090 322.7
c108 1130 1112.0 820.1 1100 3.6 1123.0 70.4 1120 289.2
c109 1190 1172.0 916.0 1180 25 1174.0 73.8 1150 270.5
r101 611 608.0 55.1 601 14 610.2 40.4 605 1285
r102 840 825.6 1924.5 807 17 828.4 59.4 828 840.2
r103 921 902.2 2622.2 878 22 909.9 68.8 864 774.5
r104 972 944.2 23439 941 3.8 954.8 62.9 930 805.2
r105 778 766.0 8385 735 29 768.0 62.5 758 273
r106 905 889.8 929.5 870 35 890.9 63.7 854 12235
r107 938 9324 2660.9 927 33 9304 62.6 896 1201.5
r108 994 976.2 2596.2 982 32 973.2 60.4 953 1038.9
r109 884 876.6 13745 866 21 870.5 55.3 832 93.7
r110 914 900.0 926.3 870 20 898.1 70.7 868 1818
ri1l 949 9324 1896.4 935 20 936.6 63.8 921 519.5
r112 971 947.6 1662.6 939 31 964.4 63.6 907 834
rc101 811 805.4 13243 794 1.9 7772 55.3 748 280.9
rc102 903 899.4 2218.8 881 23 893.4 67.0 876 698.7
rc103 950 9418 2005.2 947 20 945.4 64.1 936 346.5
rc104 1059 1013.2 2139.3 1019 17 1033.5 64.8 1030 3739
rc105 875 867.2 1052.3 841 15 859.0 53.6 858 840.4
rc106 909 901.4 2106.7 874 25 894.4 49.6 891 443.2
rc107 980 959.2 1763.1 951 1.9 958.0 53.8 945 1427.5
rc108 1025 1000.2 22223 998 20 1011.5 59.6 985 333.2

whichever number of routes are requested, while for higher values
of Tmax only instances with a very small number of routes can be
solved within the timelimit. More over, as expected, tight instances
are much easier respect to flexible ones, which can be closed to the

an average improvement of 2.5% on the flexible and of 3% on tight
instances, in very short computational times (0.15 and 0.07 s, re-
spectively). The comparison of objective function obtained by the
MODEL and Fuzzy GRASP are shown in Figs. 1 and 2.

optimality within only for the smallest value of Tmax.

In Table 14 we report the value of the best solution and the
computational time obtained by the MODEL and by the Fuzzy
GRASP. These results show an excellent performance of the Fuzzy
GRASP which is able to strongly outperform the MODEL obtaining

7.2. Large instances

In Tables 15-17 we report a comparison between results ob-
tained by the model, with a timelimit of 3600 s, and by the Fuzzy
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Table 12
Comparison of heuristics for 4 routes.
ID BKS ACO T(s) ILS T(s) VNS T(s) Fuzzy GRASP T(s)
c201 1810 1810.0 12 1810 11 1810.0 92.5 1810 25
€202 1810 1810.0 8.9 1810 11 1810.0 114.8 1810 33
c203 1810 1810.0 439 1810 1.0 1810.0 84.7 1810 4.7
c204 1810 1810.0 13 1810 1.0 1810.0 107.0 1810 141
c205 1810 1810.0 0.3 1810 1.0 1810.0 106.6 1810 2.6
€206 1810 1810.0 0.1 1810 1.0 1810.0 109.3 1810 31
c207 1810 18000 5.8 1810 1.0 1810.0 115.0 1810 3.7
c208 1810 1810.0 0.2 1810 0.8 1810.0 108.4 1810 33
201 1458 1458.0 376.4 1458 13 1458.0  294.6 1458 389
202 1458 1458.0 936.2 1458 11 1458.0 1715 1458 242.5
203 1458 1458.0 73.9 1458 0.9 1458.0 1373 1458 72
204 1458 1458.0 0.0 1458 0.6 1458.0 1359 1458 8.3
205 1458 1458.0 13 1458 0.9 1458.0 153.6 1458 42
206 1458 1458.0 0.0 1458 0.9 1458.0 1319 1458 57
207 1458 1458.0 0.0 1458 0.8 1458.0 1119 1458 74
208 1458 1458.0 0.0 1458 0.5 1458.0 127.0 1458 1.3
209 1458 1458.0 0.0 1458 1.0 1458.0 139.0 1458 5.4
210 1458 1458.0 31 1458 0.9 1458.0 140.9 1458 58
211 1458 1458.0 0.0 1458 0.7 1458.0 114.6 1458 12.2
rc201 1724 17240 23274 1724 21 17240 2319 1724 4014
rc202 1724 17240 10958 1724 11 17240 2088 1724 127.1
rc203 1724 17240 3086 1724 09 17240 1575 1724 5.0
rc204 1724 17240 533 1724 08 17240 1203 1724 6.9
rc205 1724 17240 13137 1724 21 17240 1929 1724 116.2
rc206 1724 17236 28 1724 1.0 17240 1455 1724 4.8
rc207 1724 1722.4 721 1724 1.0 1724.0 135.1 1724 6.3
rc208 1724 1724.0 0.0 1724 0.9 1724.0 1243 1724 1.3
Table 13
Model results on flexible and tight 30 POIs instances.
Flexible Tight
ID m Tinax LB UB GAP Time LB UB GAP Time
1 300 34 34 0% 0, 032 18 18 0% 0, 03
2 300 59 59 0% 0, 272 35 35 0% 0,1
3 300 82 82 0% 0, 271 52 52 0% 0,1
4 300 100 100 0% 0, 754 66 66 0% 0,1
5 300 17 17 0% 0, 461 80 80 0% 0,1
1 450 54 54 0% 16,758 38 38 0% 0,6
2 450 99 151 52,5% 3600 73 73 0% 4,6
3 450 140 265 89, 3% 3600 106 106 0% 124,1
4 450 171 298 74, 3% 3600 137 137 0% 2223
5 450 207 304 46,9% 3600 165 199 20,6% 3600
1 600 72 72 0% 3400 61 61 0% 227, 8
2 600 131 212 61, 8% 3600 116 139 19, 8% 3600
3 600 180 265  47,2% 3600 158 209 32,3% 3600
4 600 222 299 34,7% 3600 204 246 20,6% 3600
5 600 258 31 20, 5% 3600 232 278 19, 8% 3600

Table 14
Comparison of results of the Fuzzy GRASP and the model on 30 POIs flexible and tight
instances.
Flexible Tight
MODEL Fuzzy GRASP MODEL Fuzzy GRASP
ID OF Time OF Time OF Time OF Time
1.30_1.300 34 0, 032 34 0,170 18 0,03 18 0,020
1.30.2.300 59 0,272 59 0,090 35 0,1 35 0,010
1.30_3.300 82 0,271 82 0,010 52 0,1 52 0,020
1.30_4_300 100 0, 754 100 0,010 66 0,1 66 0,020
1.30_5_300 17 0, 461 17 0,010 80 0,1 80 0,210
1.30_1_450 54 16, 758 54 0,014 38 0,6 38 0,010
1.30_2_450 99 3600 99 0,590 73 4,6 73 0,070
1.30_3_450 140 3600 142 0,490 106 124,1 106 0,230
1.30_4_450 171 3600 179 1,570 137 2223,0 137 0,570
1.30_5_450 207 3600 209 2,020 165 3600 165 0,810
1.30_1.600 72 3400 72 0,260 61 227, 8 54 0,010
1.30_2_600 131 3600 132 0,700 116 3600 19 0,170
1.30_3_600 180 3600 187 1,290 158 3600 170 0,600
1.30_4.600 222 3600 235 1,920 204 3600 221 0,890
1.30_5.600 258 3600 274 1,140 232 3600 255 0,600
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Fig. 1. Comparison of results of the Fuzzy GRASP and the model on 30 POIs flexible instances.
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Fig. 2. Comparison of results of the Fuzzy GRASP and the model on 30 POIs tight instances.

GRASP run for 100 iterations. For each instance we report the
name in which are contained information about instance layout,
number of categories and maximum route duration, and LB and
UB obtained by solving the model. For the Fuzzy GRASP we re-
port the value of the best solution obtained, and the computa-
tional time. We do not explicitly reports computational times for
the model, because it always reach the timelimit without find-
ing an optimal solution, therefore computational time elapsed by
the model is equal to 3600 s for all the instances. The number of
routes is equal to 3 for all the instances. As can be deduced by

the results reported in the Tables, Fuzzy GRASP strongly outper-
form the model improving the best solution of around 28% with
an average computational time of few seconds. The comparison of
objective function obtained by the MODEL and the Fuzzy GRASP
for large instances are shown in Figs. 3-8.

As the computational results demonstrates, the heuristic solu-
tion approach offers improved performance respect to the model
results. Regarding TTDP-Clu, these results present a series of in-
teresting implications with respect to the applicability of the pro-
posed model and solution approach:
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Table 15
Comparison of results of the Fuzzy GRASP and the model on 100 POIs flexible and tight c201
instances.
Flexible Tight
D LB UB Fuzzy GRASP  Time LB UB Fuzzy GRASP  Time
4538 214 379 232 6, 27 214 331 257 293
4_587 249 485 292 6, 73 229 347 240 2,68
4_641 248 452 294 3,17 238 334 250 4,03
4.700 231 363 266 5,07 250 309 286 3,88
6_538 175 570 248 3,22 218 442 276 3,18
6_587 252 617 273 7,99 244 416 272 2,69
6_641 234 488 275 8,93 253 434 287 3,93
6.700 249 609 299 10,12 281 429 323 2,98
8.538 0 729 249 2,68 500 536 232 1,98
8_587 139 764 245 5,97 0 589 305 3,30
8_641 152 687 254 5,32 229 573 314 4,15
8.700 208 768 306 9, 98 0 497 327 3,62
Table 16
Comparison of results of the Fuzzy GRASP and the model on 100 POIs flexible and tight r205
instances.
Flexible Tight
ID LB UB Fuzzy GRASP  Time LB UB Fuzzy GRASP  Time

4_767 288 450 289 3,20 286 374 369 2,08
4_838 241 415 321 6,93 286 360 285 4,14
4915 274 419 301 6,16 278 325 305 322
4.1000 266 412 328 515 329 379 293 4,16
6_767 281 603 362 4,18 281 412 265 132
6_838 281 528 353 9,98 298 420 293 3,40
6_915 291 617 326 737 274 405 303 4,29
6.1000 320 581 338 10,09 260 407 306 322
8_767 274 822 355 9,90 317 534 290 4,30
8838 214 788 381 12,22 0 540 358 4,96
8915 241 783 342 12,51 321 536 318 1,86
8_1000 159 791 329 9,84 235 451 376 4,44

Table 17

Comparison of results of the Fuzzy GRASP and the model on 100 POIs flexible and tight rc207

instances.

Flexible Tight

D LB UB Fuzzy GRASP Time LB UB Fuzzy GRASP  Time
4_767 266 434 305 5,64 266 434 269 3,92
4_838 272 358 307 327 272 358 239 327
4_915 267 355 295 4,74 267 355 260 3,70
4.1000 263 418 308 772 263 418 291 3,76
6_767 271 650 373 8,96 21 650 336 4,30
6_838 241 662 330 9,54 241 662 313 3,42
6_915 240 534 334 3,63 240 534 333 4,66
6.1000 320 634 312 10,04 320 634 284 421
8_767 185 614 338 6,06 185 614 286 4,24
8_838 21 775 266 9,42 21 775 322 4,20
8.915 151 843 319 12,00 134 843 354 4,37
8.1000 233 704 387 6,49 222 704 262 157

o The efficiency and efficacy of the heuristic solution approach
proposed is suitable for hand-held devices and specifically for
PETs. The short computing times required to obtain quality so-
lutions support this fact.

In the tourist domain, the information about POIs such as open
and close hours, travel times between POIs, and other available
information from real world are often imprecise and change
unexpectedly. And usually the tourists require a high degree
of flexibility in order to optimizing their time and improving
the experience of touristic routes. These realities lead us to
the need to consider the dynamism in our solution approach.
And in this context, the efficiency and efficacy of the proposed
method make it a candidate to be applied in a dynamic version
of the TTDP-Clu that requires re-planning of POls.

8. Conclusions and further research

In this paper we have defined a new itineraries design problem
arising in tourist trip planning operations. The problem, named
TTDP-Clu, is an extension of the TTDP where POIs are grouped in
clusters representing different types of attraction sites and a mini-
mum/maximum limit is imposed on the number of POIs, belonging
to the same cluster, that must/can be visited in the same route.
This problem came out from specific needing arising in tourist
trip planning operations, in which the current trend is to offer
customer-centered solutions. The goal of the paper is to introduce,
formalize and mathematically model the problem and to provide a
fast and effective algorithm able to provide quickly a high quality
solution. The method must be very fast in order to be consider as
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Fig. 4. Comparison of results of the Fuzzy GRASP and the model on 100 POIs tight 201 instances.

a tool to be exploited by a user to quickly obtain a valid touris-
tic itinerary proposal matching his/her specific preferences and re-
quirements.

We propose a mathematical model to formalize the optimiza-
tion problem and solve it with mathematical programming tools.
Notwithstanding, due to the large computational times required
when solving specific scenarios and the complexity of the in-
stances, its implementation in practice is limited. In order to
beaten this issue, we also propose a Fuzzy GRASP heuristic ad-hoc
tailored for the specific features of the problem with the goal of

generating high-quality solutions for the problem within reason-
able times.

An extended computational campaign on instances of differ-
ent size and typology has been carried out. The computational
experiments seek to assess the performance of the Fuzzy GRASP
proposed. The performance of the Fuzzy GRASP was evaluated
by comparing the results of the optimization model solved using
Xpress 7.9. In order to select the combinations of parameter values
with the best performance for the metaheuristic proposed, a statis-
tical study of parameter was performed. The computational results
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show an excellent performance of the algorithm both in terms of
efficiency and effectiveness in comparison with the model imple-
mented with Xpress 7.9, making the Fuzzy GRASP a perfectly suit-
able tool to be incorporated in PETs.

On the basis of the contributions and implications presented in
this paper, several solid research directions are still open for fur-
ther research. Several of these research directions are summarized
in the following lines:

« Application of several metaheuristic frameworks. From a method-
ological point of view, future developments could address the
design of metaheuristic framework such as VNS or Large Neigh-

borhood Search (LNS) able to provide more competitive solu-
tions, even if with larger computational efforts. These algo-
rithms would not be adapted to be incorporated in a PET which
should provide a quick answer on the fly, but they could be ex-
ploited to plan in advance specific thematic itineraries to com-
pose a portfolio of suggested trips to propose to the tourists.

Score depending on the visit time. From an application point of
view it could be interesting, in order to make the problem more
realistic, a variation of the score achieved by visiting a site, de-
pending on the visit time. There are many real cases in which
this issue holds, as for example, when visiting very large and
important museums such as the Louvre in Paris, we obtain a
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higher satisfaction degree if we have time to visits all the expo-
sitions. On the other hand, even if we can devote only a limited
amount of time, it would be somehow profitable to visit even
only the main attraction of the museum. For naturalistic sites,
longer visit times may give access to different ways to enjoy the
site. For instance, if we visit a beach for one hour, we can en-
joy the view, take some pictures, etc., but if our visit last longer,
we can swim, surf and make other outdoor activities which will
strongly increase the level of enjoyment. The resulting problem
would become much more difficult address, since visiting times
become themselves decision variables in the process.

« Detailed tourist requests. In order to take into account more de-
tailed tourist requests, several considerations regarding maxi-
mum and minimum number of POIs of a given category could
be implemented:

o A maximum and minimum number of POIs of a given cate-
gory across all the days could be considered.

e A maximum and minimum number of days in which a
POI of a given category is visited, e.g., we have one week
but 1 want to spend no more than two days visiting
beaches.
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« Several categories that cannot be inserted in the same day,
e.g., if we are dressed to go to the beach we can not enter a
mosque or a church.

o Addressing the dynamism and stochasticity of the environment.
Actually we are working on deal with dynamism and stochas-
ticity in real contexts related to planning tourist routes. In this
respect, we have organized the research lines that we want to
carry out in the steps that are briefly described below:

1. Repair Heuristic. Our first approach to deal with dynamism is
related to develop a repair heuristic that is used each time a
POI failure occurs. This heuristic will try to insert a new POI,
directly replacing the unavailable POI, or later in the route,
in order to minimize the loss of score in the route.

2. Scenarios evaluation. We create a set of scenarios, each one
associated with a realization probability. Each scenario rep-
resent a set of failures in availability of POIs. We use the
Fuzzy GRASP to optimize the static problem, and then, each
time we have found a potential good candidate solution, we
test how this solution can recover in each scenario. At the
end of the optimization process we can keep a pool of the
best solutions and test them on a much larger set of scenar-
ios in order to strongly test their robustness.

3. Stochastic version. In the previous steps, we do not use any
stochastic information while constructing the solutions, we
only evaluate them a posteriori. In this step, we exploit in-
formation to the failure probability of POI directly in the so-
lution approach.

4. Learning Process. After a given number of solution approach
iterations we evaluate the obtained solutions, and for those
which are not robust, we identify the cause of this loss of
score, e.g., the POI which failure has produced a strong loss
of score. In these cases, we artificially penalize the score as-
sociated to this POL
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Abstract. This paper considers the planning of the collection of fresh
milk from local farms with a fleet of refrigerated vehicles. The problem
is formulated as a version of the Periodic Vehicle Routing Problem with
Time Windows. The objective function is oriented to the quality of ser-
vice by minimizing the service times to the customers within their time
windows. We developed a hybrid metaheuristic that combines GRASP
and VNS to find solutions. In order to help the hybrid GRASP-VNS
find high-quality and feasible solutions, we consider infeasible solutions
during the search using different penalty functions.

Keywords: Periodic Vehicle Routing Problem with Time Windows
Quality of service + Milk collection - GRASP - VNS - Penalty functions

1 Introduction

Logistics and transport management systems for perishable products have oper-
ational specificities associated with demands, handling, storage equipment and
transport infrastructure. Models to solve the problems of collecting, sharing and
distributing these products must adapt to new objectives and constraints. The
minimization of total travel cost is an important logistics and transport objec-
tive and is the main criterion for the optimization of supply and distribution
chains. Nevertheless, there are further important aspects to consider than just
the special importance of the costs in perishable products. Quality assurance of
service of perishable products constitute the main criteria for the optimization
of supply and distribution chains for this kind of goods.

In this work we specifically address specifically the problem of planning the
collection of fresh milk from local farms through a fleet of refrigerated trucks.
The scattered small-scale family farms type have limited isothermal facilities for
storing milk. In these circumstances the collection by the industry demands a
precise temporal organization to preserve the quality of the product [4]. Milk
© Springer International Publishing AG 2018
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collection needs not be daily because the farms have facilities to store milk for
one to three days. The collection planning is done in weekly periods [2].

The problem to determine the most appropriate routes for collecting milk
from a set of known farms in a given planning period of several days, including a
time window for each pick up, is modelled as a Periodic Vehicle Routing Problem
with Time Windows (PVRPTW).

The rest of the paper is organized as follows. The next section describes the
PVRPTW model and the objective function. Section 3 explains the proposed
solution approach to solve the problem. In Sect.4 computational experiments
and results are described and analyzed. Finally, some conclusions and future
works are included in the last section.

2 Periodic Vehicle Routing Problem with Time Windows

The PVRPTW, first mentioned in [3], ask for a number of routes for each day
over a given planning horizon with the aim of minimizing the total travel cost
while satisfying the constraints on vehicle capacity, route duration, customer
service time windows, and customer visit requirements [5, 6].

The PVRPTW is defined on a complete directed graph G = (V, A), where
V = {vg,v1,...,v,} is the vertex set and A = {(v;,v;) : v;,v; € V)i # j}
is the arc set. The planning horizon considers t days, also referred to as set
T ={1,...,t}. Vertex vg represents the depot with time window [eq, lo] at which
are based m vehicles that have capacity limited to ) and maximum working time
D. Each vertex v; € V, i # 0, corresponds to a customer and has an associated
demand ¢; > 0, a service duration d; > 0, a time window [e;,[;], a service
frequency f; and a set C; C T of allowable combinations of visit days. For each
arc (v;,v;) € A there is a cost ¢;; > 0. The problem then consists in selecting a
single visit combination per customer and designing (at most) m feasible vehicle
routes for each of the ¢ days on G [5,6].

With respect to our application in milk collection, we consider a special
version of the PVRPTW with an objective function focused on quality of service,
since it is in practice hard to meet the farms ideal milk collection time windows.
The quality of service is improved by reducing the time that farms have to
wait to be served within their time windows. This new objective is based on
variables s;; representing the time when vehicle & arrives at farm 4, and e; and
l; corresponding to the the earliest start time of service and the latest start time
of service at the farm 4, and n is the number of farms.

The consecutive values of the variable s;; are computed iteratively in each
route by s, = max (e;, i) + Ui + ¢i5, if vehicle k goes from v; to v;, with u; as
the time it takes to perform the service on the farm i. The objective function of
the S solution is defined as follows:
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The objective function thus aims at maximizing milk quality by minimizing
the lateness of the collection at each farm.

3 Solution Method

VRPs in general are known to be also difficult to solve in practice. PVRPTW
and obviously also our variant of the problem are NP-hard. Accordingly, meta-
heuristic methods are appropriate to optimize our model for the milk collection
problem and a real-world process.

We propose a hybrid metaheuristic that combines GRASP (Greedy Random-
ized Adaptive Search Procedure) [7] and VNS (Variable Neighborhood Search)
[8]. GRASP is an iterative two-phase metaheuristic made up of a construction
phase, in which a feasible solution is produced, and a post-optimization phase,
in which this feasible solution is improved. The GRASP solution construction
mechanism builds a solution step-by-step by adding at random a new node from
a restricted candidate list (RCL). We use a variant of VNS, VND (Variable
Neighborhood Descent).

VND consists in changing the neighbourhoods each time the local search is
trapped in a local optimum with respect to current neighbourhoods. VND is
basically iteratively determining a better solution from the current solution by
some transformation or movement. Standard VND considers several neighbor-
hood structures of solution S as Ni(S) for k = 1,..., kmaz, being kma, the
number of neighborhood structures. Nevertheless, in our method we use the
value of k for control the size of movements that will be described later.

This hybrid approach uses GRASP as an outer framework for diversifica-
tion and VND for intensification, i.e., for locally improving and post-processing
constructed solutions as shown in Fig. 1.

Algorithm: greedyRandomizedConstruction
Tnitialization m empty routes
while there customers for visiting do
for each customer not visited do
Find the best position i to insert customer ¢ in a partial route R.
Add to triplet (c,i, R) to the candidates list (CL).

Create the restricted candidate list (RCL) with the top 5 of the

Algorithm: GRASP triplets (c,i, R) from CL.
- Select a randomly triplet (c, i, R) from RCL.
GRASP (maxIterations, Seed) Update the route R, inserting customer c in the position i.
readInput();
for k = 1, ..., mazlterations do

Solution = VND(Solution); . E—
updateSolution(Solution, bestSolution); Algorithm: VND - improvement phase
Initial solution s
Set k1
while k < ko, do
Find the best solution X’ in Ni(s)
if X' is better than X~ then
Set X* « X'
go to 2.

\; Solution = greedyRandomizedConstruction(Seed);

return bestSolution;

else
| Set k¢ k+1

Fig. 1. General solution approach: GRASP-VND hybrid
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Generally two approaches which deal with PVRPTW are offered in the lit-
erature. The first one begins by assigning days to dairy farms and in a second
step the routing problem for every single day is solved using classical techniques
for solving the VRP [9]. In the second approach, routes are developed and then
assigned to days of the week. The method we present here follows the second
approach and consists of the following two steps as shown in Fig. 2.

Strategy
& ~
Procedures for Choose visit
initial visit combination per
combination customer
%Il
solszeito{:;s;aéay Get initial solution
g | (CRASP) per day
+ i
= x% |
i
S| mprzvement Improvement phase
phase
MVNS) for each VRPTW

Fig. 2. General solution approach

The first step of our method consists in assigning a single visit combination
to each dairy farm. Customers are then assigned to the corresponding days of
the planning horizon. A list of customers is created in descending order relative
to the time window size. Customers are assigned to a single visit combination
alternatively in descending and ascending order with respect to this list.

In the second step, a hybrid GRASP-VND is used to solve the Vehicle Rout-
ing Problem with Time Windows (VRPTW) for each day of the planning hori-
zon. In the first step we allow infeasible VRPTW due to violation of constraints
as total duration of the routes, farm time windows or vehicle capacity. In order
to help the hybrid GRASP-VND find high-quality and feasible solutions, we con-
sider infeasible solutions during the search. Capacity, duration, and time window
constraints can be violated and are penalized by including proportional penalty
terms in the objective function. As a specific focus of our work, we experimen-
tally compare different kinds of penalty functions. The penalty functions are
described in the next subsection.

Following the second step, the GRASP is used to obtain an initial solution to
each day of the planning horizon. This GRASP tries to satisfy the constraints.
If this is not possible the GRASP procedure assigns customers that do not
satisfy constraints to the last route. The initial solutions obtained by GRASP
are improved by using a VND with three different movements:
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— Change visit combinations. Change the visit combination of a farm with a
new combination. The farm then has to be removed from routes of the days
in the first combination that are not in the second one and inserted in the
routes of the days that are in the new combination and not in the previous
one.

— k-chain moves. Take a chain of k consecutive farms in a route of the solution
and move it to another part of the same route or in other route.

— k-swap mowves. Interchange the position of two chains with length k in the
solution. Both chains can be in the same route or in different routes.

We consider a dynamic neighbourhood order to obtain high-quality solutions.
We use a composition of h neighborhood structures, where h = 9, Ny,..., Ng.
The neighborhood structures k-swap chain, k-move chain and change visit com-
bination. The nine neighborhood structures are the different combinations of
the movements described above. A weight is assigned to each neighbourhood
structure, this weight reflects the performance during the search. '

This weight considers two measures; the improvement over time ] and the
utilization ui of the neighbourhood structure. Given that a solution S7 at iter-
ation j, let S* be the solution obtained by Ny (57) and ti the CPU time spent,
the measures are defined as follows:

_ [(8)—f(8)

— Improvement over time: it{L .
23
— Utilization: uiL of Np, the number of times neighborhood structure N, has

been applied.

In this way, when a neighborhood N, is applied at iteration j, we calculate:
- infrl =0- ini +(1-9) -iti, 0 €]0,1) being a strategy parameter.
- uffl =uj + 1.

The corresponding weight of neighbourhood structure Ny, is calculated as

Th = —.

(2)

J
up,

And the probability of selecting N, as neighborhood structure to be applied is

3)

Th

Ph=—f—
2h=1Th

3.1 Penalized Cost Functions

To guide the search and help the hybrid GRASP-VNS find high-quality and fea-
sible solutions we explicitly allow infeasible solutions during the search process.
We relax the constraints related with vehicle capacity @, maximum working time
D, and time windows.
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For a solution S, we denote the quality of service objective function as

m n
Z Sik — €
k=11i=0

N (4)

li—ei’

qos(S) =

SRS

total violation of load constraints as ¢(S) calculated considering the maximum
Qy, total violation of time windows constraints tw(S) calculated as

m n

ZZmax {0, 850 — i }, (5)
k=11i=1

where s;; is the time when vehicle k arrives to farm 4, and total violation of

duration constraints rit(S) calculated considering Dy. The objective function is

defined as f(S) = gos(S) +a-q(S)+ B - tw(S) + - rit(S), where a, 5 and ~y are

positive weight factors that depend on the kind of penalty function.

We propose two different kinds of penalty functions. The first one is a static
penalty function where the penalty terms do not depend on the current iteration
of the search process, therefore, remain constant during the entire search. Sec-
ondly a dynamic penalty function is proposed where the penalty term depends
on the solutions obtained during the search. In both kind of penalty functions
the values of «, 3,7 are defined as follow:

- a=(¢(8)maez — 9(S)min)/a(S)avg
— ﬂ = (tw(s)maaﬁ - tw(S)Min)/tw(S)avg
- 7= (Tlt(s)maz - rlt(s)m’bn)/rlt(s)avg

In the case of the static penalty function the maximum, minimum and average
bounds of the violation of the constraints were obtained by preliminary compu-
tational experiments. In the dynamic penalty function the bounds are updated
with the values obtained during the search.

4 Experimentation and Results

This section describes the results from the computational experiments that were
carried out in our study. The aim of the experiment is to test the practical
feasibility of the proposed hybrid procedure GRASP-VNS to solve the milk col-
lection problem and compare the hybrid GRASP-VNS that considers infeasible
solutions to the GRASP-VNS that discard infeasible solutions.

Only some characteristics from daily milk collection real-world data are
known to us so far but no concrete instancdes are presently available. There-
fore, we adapted benchmark instances for PVRPTW [3]. Specifically we use the
instances p01, p07, pll and pl7 because the characteristics are similar to the
real data. The data provides the position of a set of farms with service duration,
demand and time windows, and we changed the visit combination for each dairy
farm by setting it as company data. The number of days of the planning horizon
and the maximum number of routes for each day of the planning horizon is also
included. For more details concerning the used instances, see Table 1.
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Table 1. Characteristics of instances, taken from Cordeau et al. [3]

Instances | Farms | Routes per day | Max. time per day | Max. load of truck | Days
p01 48 3 500 200 4
p07 72 5 500 200 6
pll 48 3 500 200 4
pl7 72 4 500 200 6

Regarding the parameter of the hybrid GRASP-VNS, the size of the
restricted candidate list is fixed to 5 and k4, for VND is set to 3. The solu-
tion approach was run 100 times for each of the instances and parameters used
in experimentation. The results of the computational experiments can be seen
in Table 2, where the hybrid GRASP-VNS with two kinds of penalty functions
and the hybrid GRASP-VNS that discards infeasible solutions are compared. It
can be seen that the results of the hybrid GRASP-VNS with dynamic penalized
function are better.

Table 2. Results on benchmark instances from Cordeau et al. [3]

Penalty function | p01 | p07 |pll | pl7

GRASP-VND | Average | Static 1.19/1.13|1.06 | 1.05
Best 1.10/0.93 /0.87|0.91

GRASP-VND | Average | Dynamic 1.17/1.05|0.98  0.95
Best 1.06 | 0.89/0.81 0.72

GRASP-VND | Average | None 1.4311.48|1.19 1.12
Best 1.25/1.130.95 0.89

5 Conclusions and Further Research

In this study, we presented a heuristic solution approach for the planning of
the collection of fresh milk from local farms with a fleet of refrigerated vehi-
cles, modeled as a variant of the PVRPTW. The proposed objective function
is oriented towards the quality of service in order to preserve the quality of
fresh milk. In order to solve the problem to get high quality solutions in rea-
sonable time a hybrid GRASP-VNS metaheuristic has been used. The approach
considers infeasible solutions during the search relaxing constraints and smooth-
ing the search space, using two kind of penalty functions. The computational
experiments confirm that the proposed approach is reasonable to practically
solve this model. Future work will extend experimentation with other instances,
among which some will be real cases. The behavior of other metaheuristics, other
neighbourhood structures in VND procedure and other procedures for choosing
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initial visit combination per customer will also be studied. A special future line
is related to using other kinds of penalty functions and other techniques to deal
with infeasible solutions.
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