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Introduction With the rise in urbanization and the demand for flexible and efficient
travel options, on-demand transportation systems present unique opportunities to improve
accessibility, reduce waiting times, and optimize fleet utilization. Understanding and ad-
dressing the complexities of these systems is crucial for creating sustainable and responsive
urban mobility solutions. This work focuses on a particular situation, which we refer to as
the Dial-a-Tour Problem (DATP).

Background The studies on routing problems within operations research are crucial,
especially in the tourism sector, which significantly impacts many countries’ economies and
development. For instance, Mexico, recognized as the most competitive Latin American
travel destination, welcomed over 38 million international tourists in 2022, contributing
more than eight percent to its gross domestic product. This work addresses a challenge
within the tourism sector, aiming to enhance the efficiency and effectiveness of tour routing
and scheduling in the tourism industry.

Hypothesis Applying optimization techniques to the DATP can significantly enhance
the efficiency of tour routing and scheduling operations for tour operators, resulting in
reduced operational costs. Analyzing the problem from a multi-objective perspective can

x
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also improve customer satisfaction compared to traditional single-objective optimization
methods.

Research questions

• What are the key criteria for optimizing and modeling the DATP when treated as
a single-objective problem?

• How can the DATP be modeled, and what algorithms are most likely to be effective
for solving it?

• What additional factors make the DATP more realistic when approached as a bi-
objective problem?

• How can the Pareto front be used to analyze the trade-offs between objectives?

• What are the key performance metrics for evaluating single and bi-objective solu-
tions?

General objective The study focuses on designing a schedule for tourist reservations
while adhering to operational constraints.

Specific objectives

• Formulate a single-objective optimization model for the DATP.

• Develop and implement algorithms and heuristics for solving the single-objective
DATP

• Extend to Bi-Objective Optimization, formulating the optimization model and im-
plementing multi-objective optimization techniques, such as Pareto front analysis.

• Evaluate the performance of these methods on benchmark instances to demonstrate
the effectiveness of the proposed methods.

Methodology To develop this work, the next methodology will be followed:

1. Literature review related to the DATP.

2. Problem definition.

3. Mathematical Formulation of the Single and Bi-Objective Problems.

4. Solution Approaches: exact methods and heuristics to solve the problems.

5. Experimental Design and Computational Test

6. Analysis of Results
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Contributions and conclusions This work contributes to optimizing route planning
in the tourism industry, specifically in scheduling vehicle visits to tourism destinations.
An efficient heuristic approach, based on a local search, has been proposed for the single
objective problem, and a Constraint Programming (CP) approach as an alternative to
solve it. In addition, regarded as the bi-objective variant of the problem, a Non-dominated
Sorting Genetic Algorithms algorithm is adapted and applied, and also an augmented ϵ-
Constraint procedure, combined with the CP model, is proposed to tackle the problem
with this multi-criteria perspective.

As a research product, part of this work is already published in a JCR journal:

• Boyer, V., Cervantes–Mendieta E., Hernández-López, Oscar A. and Salazar–Aguilar,
M. A. (2024). The Dial-a-Tour Problem, Computers & Operations Research, 173,
106832.

Future work Future research can be directed toward testing these methods with het-
erogeneous vehicle fleets for both single and bi-objective perspectives. For single-objective
problems, studying the impact of total requests on vehicle usage can help tour operators
estimate the number of vehicles needed through simulations. For bi-objective problems,
an in-depth analysis of the trade-offs between objectives in real-world cases is necessary,
along with evaluating the benefit of having a larger set of solution options, which can
influence algorithm selection.

Thesis structure Chapter 1 introduces the problem situation, relevance, and state-
ment of the DATP. In Chapter 2, a literature review on single and multi-objective related
works and their solution methods are analyzed. Chapter 3 covers theories and concepts
that support the work on the DATP. Chapter 4 details the mathematical models for both
the single and bi-objective approaches, along with the algorithms and heuristics used.
Chapter 5 presents the experimental work and results obtained with the proposed meth-
ods. Finally, Chapter 6 concludes by summarizing the findings, contributions to the field,
and suggestions for future research.

Vincent André Lionel Boyer, PhD.
Advisor
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Introduction

Transportation systems have become increasingly important for modern society, in-
fluencing various aspects of daily life, such as where people choose to work, live,
and vacation. As transportation shapes these decisions, its role in critical fields like
operations research has expanded, especially in routing problems where optimization
is essential. This is particularly true in tourism, a key driver of economic growth
in many countries. Effective transportation enables tourists to reach their desti-
nations, making it an essential component in the development and success of the
tourism industry.

Tourism has been a sector of significant growth over the past decades. As shown
in Figure 1.1, global travel and tourism data reflect a steady increase from 1950 to
2020. However, this long-term trend was interrupted by the COVID-19 pandemic,
which led to a sharp decline in tourism as health measures were implemented to
control the spreading of the virus. According to Statista’s Mobility Market Insights
[61], tourism revenues shrank by approximately 55 percent in 2019, and international
tourist arrivals fell to 407 million during the first year of the pandemic. Despite
this setback, tourism began to recover, reaching 969 million arrivals worldwide by
2022, showing resilience in the sector. This recovery is not just a rebound but
a continuation of the initial growth trend as the industry adapts to new global
challenges and strengthens its role in the worldwide economy.

1
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Figure 1.1: Number of tourist arrivals worldwide 1950-2022

Source: Statista’s Mobility Market Insights [61]

According to the Travel and Tourism Development Index, Mexico is the top
travel spot in Latin America. In 2022, it exceeded 38 million international tourist
arrivals, solidifying its status as Latin America’s top destination for visitors [62].

1.1 Relevance

This study introduces a problem devised in the tourism sector, the Bi-Objective Dial-
a-Tour problem, which is approached from a multi-objective perspective. This work
contributes to developing and implementing mathematical models that schedule vis-
its to tourist attractions using Mixed Integer Programming (MIP) and Constraint
Programming (CP) formulations. Additionally, a Non-dominated Sorted Genetic
Algorithm (NSGA-II) has been adapted to the problem’s characteristics for its so-
lution.

1.2 Objective

The main objective of this work is to develop multi-objective models for the Dial-a-
Tour Problem based on two modeling and solution paradigms, MIP and CP frame-
works, and a metaheuristic approach. These paradigms aim to approximate the
Pareto Fronts efficiently.
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1.3 Problem Statement

The Mexican tourist sector faces a challenge in efficiently transporting numerous
visitors from their lodging to the attractions included in their scheduled tours, espe-
cially during busy seasons such as spring and summer. Local travel agencies provide
a variety of tours that consist of ground transportation, guided activities, and entry
to different sites. When a group of tourists book a tour, they indicate the location
for pickup, which is usually a hotel, and the travel agency establishes the time for
pickup. Subsequently, all the visits to the attractions must be planned, with their
respective visit times, to give continuity to the tours. This process results in a com-
plex on-demand transportation problem, ensuring that each group has a structured
and enjoyable experience in this sequential planning, maximizing their time at each
attraction and minimizing waiting times and delays.

The problem addressed in this work shares characteristics with the above-
described scenario. Figure 1.2 represents this situation, where each group of tourists
is collected from and dropped off at their designated hotels following their trip, with
specific locations and the order of visits known in advance. Each tourist group is
represented by a different color and is located at their respective hotels (green nodes).
Their routes follow the direction of the arrows to the attractions (grey nodes) and
must adhere to the sequence predefined by the two available tours. In addition, each
location is characterized by a staying length, representing the time at each attraction
required to enjoy the experience.

Figure 1.2: Instance of the Dial-a-Tour Problem

The problem requires matching multiple tourist groups with different vehicles
for shared transportation and scheduling visits to ensure seamless transfers to local
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attractions. Reducing vehicle usage in this context is crucial for minimizing oper-
ational costs and environmental impact [16, 18]. Travel agencies can significantly
reduce fuel consumption, maintenance, and transportation expenses by optimizing
vehicle allocation and scheduling. Efficient vehicle usage improves cost-effectiveness
and contributes to sustainability efforts, aligning with the growing demand for eco-
friendly transportation solutions in the tourism industry. Based on those mentioned
above, a primary objective of this problem, emphasizing efficient vehicle utilization,
is to minimize the number of vehicles required to fulfill all requests while maintaining
a high level of service.

1.4 Thesis Structure

This thesis is organized as follows. Chapter 2 is dedicated to the literature review,
covering the applications closely related to the problem at hand, especially within
the context of Vehicle Routing Problems: the Pick and Delivery Problem and one of
its generalizations, the Dial-a-Ride Problem (DARP). The significant contributions
include the development of heuristic algorithms and formulations, mainly based on
MIP. The vast majority are related to the single-variant and focus on optimizing
cost operation. Furthermore, it refers to multi-objective approaches, addressing
aspects related to service quality from the user perspective. They highlight the
significance and benefits of adopting such an approach for practical solutions in
tourism management.

Chapter 3 provides essential definitions and concepts crucial to support this
dissertation. Its purpose is to establish a comprehensive understanding of the algo-
rithms and techniques. Specifically, it addresses the concepts of dominance and PFs
for analyzing solutions within a multiobjective framework and examines the metrics
used to compare these solutions in terms of performance. The computation of the
overall nondominated vector generation, hypervolume, and k-distance metrics are
selected to compare the PF. Furthermore, it delves into the fundamental details
of CP as the paradigm used for effective problem-solving, describing the interval
variables’ characteristics and the used constraint structure.

Chapter 4 introduces a mathematical model and a heuristic approach for the
single-objective variant of the problem. The proposed model is based on MIP, and
the heuristic procedure is based on a pickup-delivery insertion pair as the main
operator. In addition, a Local Search procedure is added to refine solutions. Then,
the MIP model is extended to formalize the bi-objective variant, where two criteria
must be optimized simultaneously. In this transition, other solution strategies for
this version are presented. Besides the proposal of the MIP model, an NSGA-II is
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proposed to tackle the problem from an approximate point of view. Furthermore,
two CP approaches are proposed to solve those problems using the augmented ϵ-
Constraint method.

Chapter 5 presents the main insights from the investigation. It includes a de-
scription of the characteristics of the proposed benchmark used to test the solution
methods and its generation process. Additionally, the experimental results are ex-
posed, offering a comparison in terms of the performance of solvers for both single
and bi-objective variants of the problem. The single-objective MIP model demon-
strated its inability to find solutions for more than five groups within one hour. The
Constructive Heuristic generated solutions for all tourism groups. Additionally, the
LS demonstrated improvements in the initial solutions generated by the constructive
algorithm, reducing the vehicle usage in cases up to 40% to fulfill the requests. The
NSGA-II provided more solution points for the bi-objective variant than the other
two CP methods. Regarding the hypervolume metric, the first CP model is more
effective in exploring the solution space since it reaches higher average values.

Finally, Chapter 6 offers the conclusions arrived with this dissertation. The
main contributions, findings, and future lines in which this work can be extended are
mentioned. Then, Appendix A and B refer to the tables of results of all instances
with each solution method.
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Related literature

2.1 Vehicle Routing Problem

This Dial-a-Tour problem can be considered in a generalized scope as one of the vari-
ants of Vehicle Routing Problem (VRP). The VRP is a combinatorial optimization
problem in operations research. Solving it efficiently is always the focus of literature
due to its significant industrial applications. The main objective is to design the
optimal set of routes for a fleet of vehicles to deliver and collect loads from a set of
customers [24]. The VRP first appeared in Dantzig and Ramser [17] in 1959 and
has since become one of the most studied problems in the literature, and further ex-
panded in many different directions by considering many realistic aspects. Its scope
has been extended to include scenarios with time windows [20, 60], split deliveries
[1, 22], multiple depots [36, 46], backhauls [27, 64], among others raised in the fields
of logistics, transportation, and supply chain management.

Derived from the VRP, a particular problem is closely related to our Dial-a-
Tour Problem: The Pick-up and Delivery Problem (PDP). This problem involves
determining the best vehicle routes to pick up goods from specified locations and de-
liver them to designated destinations [28]. It is essential to ensure all the customers’
orders on a vehicle are delivered to their corresponding delivery locations efficiently.
In some applications, all stops are predetermined [35] and other real-time scenarios
where requests are revealed, particularly relevant for ride-sharing and on-demand
delivery services [37].

6
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2.2 The Dial-a-Ride Problem

Within the existing literature, a well-known transportation optimization problem
closely resembles the problem at hand: the Dial-a-Ride Problem (DARP). The
DARP also can be seen as a generalized form of the PDP and is a type of ap-
plication used by travel agencies for transporting people from an origin location to
a place of destination Several variations can be found among the extensive related
works to this problem.

The DARP was introduced by Cordeau and Laporte [15]. Figure 2.1 shows
the related research originated from this seminal work discussed in this chapter.
The figure visually represents the relationship between these contributions, showing
how these works are linked to the original and how they have been extended. The
interconnections and dependencies of the presented works demonstrate the wide
range of extensions with the different features considered and detailed in this chapter.

Figure 2.1: Related works to the DARP
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A DARP refers to determining the most efficient service routes and pick-up
and drop-off times for the customers. In the DARP, clients create transportation
requests for moving between specific starting and ending points (i.e., from a pick-up
to a drop-off location). The transportation is performed by vehicles offering shared
services, meaning multiple clients may share the same vehicle simultaneously.

According to Cordeau and Laporte [13], three decisions relate to constructing
a DARP solution. These are identifying clusters of customers that will be served
by the same vehicle, arranging customers into a vehicle route, and determining the
sequence of pick-up, driving, and drop-off activities for each route.

Besides all the commonly addressed objectives related to cost operation, an-
other important one related to the client is the Quality of the Service (QoS). Dial-a-
Ride services, involving tangible aspects like vehicles and time, allow for the inclusion
of measurable quality aspects in service specifications, aligning with practices found
in the literature by Paquette et al. [50]. In their work, they surveyed some related
studies and mentioned some standards of quality utilized by operations researchers.
to conduct the QoS. Among the main attributes we can cite the difference between
real and intended delivery time, waiting times while being transported or before the
pick-up, total waiting time, maximum ride time, average ride time, a ratio of actual
ride time to direct ride time, and maximum number of stops while a passenger is on
the vehicle.

The DARP can be studied under two distinct modes. In the static variant,
all transportation requests are pre-determined, allowing route planning in advance
[8]. In the dynamic mode, transportation requests unfold during the day while the
service is already in progress, resulting in real-time construction of vehicle routes
due to the changes in the solution over time [4, 9, 42]. Parragh et al. [54] provides
modeling aspects about both static and dynamic modes. Even when operating in the
dynamic mode, it is common to initially address a static problem for a predefined
set of requests to establish an initial solution, which can be adjusted as new requests
arise. Further requirements to implement such a system can also be found in the
work of Conceição [11], which focuses on the static version of DARP.

Cordeau [12] proposed a Mixed Integer Programming (MIP) with a 3-index
problem formulation and a polynomial number of constraints. They formulate the
problem on a complete directed graph, separating nodes in subsets of pick-up and
drop-off nodes respectively, and each arc has a defined routing cost of traveling. Their
objective is to minimize the total routing cost. To solve the problem they proposed
a Branch-and-Cut (B&C) algorithm, solving a Linear Programming (LP) relaxation
at first, where valid inequalities are generated by a separation heuristic process
identifying violations in the sub-tour elimination constraints, capacity, precedence,
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and order constraints.

Ropke et al. [57] exposed two formulations related to the Pick-up and Delivery
Problem with Time Windows (PDPTW) and the DARP, introducing new B&C
algorithms for the defined problem. Based on the aforementioned work of Cordeau
[12], their work leads to refined formulations of the problem with fewer variables
and tighter bounds, incorporating valid inequalities that integrate the pickup and
delivery framework with the constraints of vehicle capacity or the time window.
Also, the authors present the results of computational experiments on various sets
of test instances, demonstrating the capability to successfully solve cases involving
up to 8 vehicles and 96 requests.

As stated by Ropke et al. [57], PDP, PDPTW, and DARP represent extensions
of the classical VRP [63], which results in NP-hard complexity. Consequently, their
solution methods have predominantly centered on heuristics. However, it is notewor-
thy that the imposition of specific constraints allows for a more tractable solution
approach, facilitating the attainment of optimality within reasonable computational
limits. Thus, methodologies such as branch-and-cut have successfully solved several
related problems.

Parragh [52] modeled the problem based on a usually complete directed graph
but introduced in her application different types of users. Comparing the two and
three index formulations proposed in this work, the first one proves to be more effi-
cient for the problem. The author implemented a B&C algorithm to solve those mod-
els, combining the branch-and-bound and the cutting-plane ideas. As it is known,
the optimal solution derived from the LP relaxation serves as a lower bound for the
original MIP problem. Moreover, all families of valid inequalities intended solely
to strengthen the model are incorporated in a cutting-plane manner. Separation
algorithms are responsible for checking the current solution to identify potential
violations of the excluded constraints and the previously defined valid inequalities,
which are referred to in the works of Cordeau [12] and Ropke et al. [57]. Addi-
tionally, to accelerate the optimization process an adjusted version of a Variable
Neighborhood Search (VNS) [45] is applied to compute initial upper bounds.

Braekers et al. [6] extend the previous problem defined by Parragh [52], but
with multiple depots, and also adapted the B&C algorithm by Ropke et al. [57].
A deterministic annealing metaheuristic has been developed to address larger in-
stances of the problem. It can be described as a variant of the simulated annealing
metaheuristic and is based on the work of Dueck and Scheuer [23]. The authors test
their approaches on a benchmark for the heterogeneous DARP, especially to eval-
uate their B&C algorithm, and introduced new specific instances for their problem
as well.
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Hüll et al. [31] studied a variant where a portion of each journey can be con-
ducted through a fixed route service. The paper proposes an arc-based formulation
and demonstrates strategies to enhance its solvability, including arc removal, sub-
stitution of variables, and the inclusion of sub-tour elimination constraints. The
study explores the application of an exact solution method on small instances of the
problem. Additionally, the paper outlines procedures for generating and visualizing
input and output data using a geographic information system.

Liu et al. [38] also formulated the problem using an MIP along with other
specific constraints, like manpower planning. They introduced valid inequalities to
strengthen their proposed models and developed a B&C algorithm, which can solve
instances of up to 22 requests. Their results are tested on data from The Non-
Emergency Ambulance Transfer Service in Hong Kong.

Cordeau and Laporte [14] proposed a Tabu Search (TS) algorithm. It begins
with an initial solution and then, at a certain iteration, transitions from the current
one to the best option within its defined neighborhood. To prevent repetitive pat-
terns, solutions that share certain characteristics with the last explored solutions are
designated as “forbidden” for a specific number of iterations, except in cases where
they represent a new best solution.

Madsen et al. [41] described a system for solving a DARP variant including
time windows, and focusing on minimizing vehicle utilization costs. While no math-
ematical model is presented, the study outlined a heuristic algorithm capable of
weighting total driving time, vehicle usage, waiting time, and cost by incorporating
user-specified parameters that influence tour characteristics. The heuristic is primar-
ily based on an insertion algorithm. It begins by considering the next not-allocated
customer in the vehicle schedules. For each vehicle, it generates all feasible inser-
tions of the customer in the schedule and calculates the change in cost. If a feasible
insertion exists, it selects the one with the minimum change in cost and inserts the
job in the schedule. If no feasible insertion is possible, the customer is added to a
list that cannot be served. Customers who cannot be allocated to any vehicle are
usually assigned to taxis, which can then be added to the vehicle list.

Diana and Dessouky [21] also presented a heuristic algorithm based on inser-
tions, which focuses on minimizing the weighing sum of three factors: the distance
traveled by vehicles, the ratio of ride time over a direct time for the customers, and
the idle times in their schedules. The approach maintains the concept of ranking
requests by pickup time but introduces two key modifications. First, it avoids ini-
tializing a route with a request that could be simply added later. Second, it allows
swaps in a ranking order to prioritize requests that might be challenging to insert
later due to their location. The approach aims to find the best insertion for each
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unrouted request in each itinerary, minimizing the related cost. A cost matrix is
constructed, with rows representing requests and their columns the routes. Requests
with no feasible insertion are assigned a high cost. The regret for each request is then
calculated as the total difference between each element in the row and the smallest.
The request with the largest regret is next inserted. This process is repeated until all
requests are added or all regret costs are zero, indicating that cannot be insertions
into any existing route. The authors mentioned that although minimization of vehi-
cle usage is not intended at first, the algorithm gradually decreases it in subsequent
runs until some requests can no longer be accommodated.

Jaw et al. [33] propose another heuristic algorithm based on sequential inser-
tions of all requests, identifying the best insertions. Feasibility in this context refers
to the condition that the insertion of a customer into a vehicle route should not
violate any service-quality constraints for both the new customer and existing cus-
tomers to that particular vehicle. The optimization process focuses on reducing the
extra “cost” associated with inserting the customer into the vehicle schedule. The
cost function is defined as a weighted sum, encompassing the disutility experienced
by all customers (attributed to excess ride times and deviations from optimal pick-
up or delivery times) and system costs, quantified by a function that gauges the
utilization of available vehicles.

Luo and Schonfeld [40] presented a heuristic called rejected-reinsertion for min-
imizing the number of vehicles required to fulfill the entire demand of requests.
Whenever inserting a new request into the existing vehicle routes becomes infeasible
the rejected-reinsertion operation is used. It functions by temporarily removing an
assigned request, closely located to the new one in both timeframe and location, from
its current vehicle. Subsequently, the new request is added to the vehicle route, fol-
lowed by reinserting the removed request elsewhere in the schedule. Computational
testing across two sets of problems demonstrates that this heuristic yields vehicle
reductions of up to 17% compared to a parallel insertion heuristic, showcasing its
computational efficiency.

Muelas et al. [47] proposed a VNS algorithm, its fundamental concept is to de-
compose the initial set of requests into independent subsets and optimize its specific
set of routes independently. This decentralization allows for parallel processing. In
this work, the authors aim to minimize the total cost of the routes with an evaluation
function that considers violations in pick-up times, loads, and riding times. In the
initial step in the algorithm, rather than opting for a random partitioning strategy,
employ the k-medoids method [39], used when dealing with the clustering of large
datasets. It creates a pattern of defined similar requests with the hypothesis that
grouping in such a way enhances the ability to compute efficient routes, contrasting
with an approach where each request has an equal probability of being assigned to
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any partition.

Parragh et al. [55] presented a VNS-based heuristic. This methodology starts
from an initial incumbent solution and then, at each step, generates a random so-
lution in the current neighborhood using a shaking process. Then, a Local Search
(LS) is applied to replace the incumbent if it produces an improvement. Other-
wise, the next larger neighborhood is utilized in the next iteration. Their approach
also permits ascending moves, meaning that deteriorating solutions may become in-
cumbent solutions with a certain probability. Also, graph pruning and time window
tightening techniques, as described in Cordeau [12] before initiating the optimization
procedure, are used to narrow down the search space.

Xiang et al. [66] considered a variant with a heterogeneous vehicle fleet and a
team of drivers with various skills to fulfill customer requests. The paper describes
a specific heuristic designed to address a large-scale static DARP, which employs LS
and diversification strategies to improve initial solutions, followed by an intensifica-
tion strategy for further refinement. Computational tests on generated instances are
performed to test and compare the algorithm with the lower bounds obtained from
the column generation method, particularly for instances with up to 200 requests.
The authors concluded while the results are not highly sensitive to the initial so-
lution, investing effort in constructing a good initial solution significantly reduces
computational time. With a well-constructed initial solution, the heuristic solves
instances with up to 2000 requests within 10 hours.

Wong and Bell [65] worked on a variant for the transportation of elderly and
handicapped individuals, where specialized vehicles with facilities like lifts are nec-
essary, hence a multi-dimensional nature of vehicle capacity is considered. They
proposed an insertion heuristic where trips are ranked based on their insertion diffi-
culty, with priority given to those farther from the center and other requests. In the
insertion phase, feasible ways to insert each request into existing routes are identified
for each vehicle, considering spatial and temporal factors. The best insertion posi-
tion with the minimum additional cost to the objective function is determined for
each request. If no feasible insertion is possible due to high fleet utilization, a taxi is
dispatched. This process is iterated until all requests are accommodated or until no
further insertions are possible. The algorithm aims to minimize total transportation
costs.

Yan and Chen [67] addressed an application closely related to the DARP, the
carpooling problem (the practice of multiple individuals sharing a private vehicle to
travel along a partially common route between their respective starting and ending
locations). The problem is formulated as a network flow model, which struggles
to find optimal solutions within 5 hours. Therefore, a solution procedure based on
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Lagrangian relaxation and subgradient methods [25] is developed. They first relax
the capacity constraints to formulate a Lagrangian problem, which is subsequently
solved to obtain the optimal solution lower bound. Next, a Lagrangian heuristic
is devised to calculate the optimal solution upper bound. A sub-gradient method
is employed to adjust the Lagrangian multipliers iteratively, refining both bounds.
This process continues until an acceptable convergence result is achieved or until the
preset number of iterations is exceeded.

Masson et al. [43] treated the problem with the particularity of including trans-
fers, meaning that users may switch vehicles in their trips at specific points called
transfer points. Their solution is based on an Adaptive Large Neighborhood Search
(ALNS) metaheuristic. Following its principle of “destroying” and “repairing” a so-
lution iteratively to improve it. The destroying operator is done by removing some
of the solution requests, and the repair step tries to reinsert the destroyed requests.
Then, an acceptance criterion is used to update the current solution. The operators
are selected with a roulette wheel principle. The authors evaluated the algorithm
through real-life and generated instances, comparing heuristic solutions of the DARP
and the DARP with transfers, affirming that the achieved cost savings attributed to
transfers can reach up to 8% in real-life instances.

For further reference, the reader may refer to the surveys of Ho et al. [30] and
Berbeglia et al. [5], which cite other contributions about the DARP and its variants,
motivated by a renewed interest in shared-ride applications for the general public in
recent years.

2.3 The Multi-Objective Dial-a-Ride Problem

The DARP has also been studied from a multiobjective perspective since, in many
real-life applications, it is often most intuitive and realistic to model this practical
problem by considering multiple criteria simultaneously, allowing a more comprehen-
sive representation of the complexities and nuances presented in real-world scenarios.
A recent work of Zajac and Huber [68] surveyed a wide range of multi-objective rout-
ing problem variants and their corresponding trade-off, showing how objectives are
handled. The main objectives treated in those applications are related to the mini-
mization of routing and total costs, as well as total distances and the balance in the
makespan of routes. In addition, the authors describe adopted solution approaches
for multi-objective routing problems, which help understand the advantages and
disadvantages of the applied strategies.
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Paquette et al. [51] combine the multicriteria analysis and a TS procedure
[14, 26]. The authors incorporated cost minimization and terms related to the QoS
as objectives. Their approach is tested on generated random instances and data
collected from a transporter in Montreal. Their algorithm uses a search mechanism
where The weights for the criteria are adjusted dynamically, leading to the elimina-
tion of the resulting dominated solutions. The TS is used in conjunction with the
multicriteria reference point approach introduced by Clímaco et al. [10] to identify
a set of non-dominated feasible solutions that collectively form an approximation of
the Pareto front, constituting their framework.

In their multiobjective approach, Baugh Jr et al. [3] propose tackling the prob-
lem with a simulated annealing technique. Their considered objectives are the maxi-
mization of customer satisfaction, measured through the degree of violations of time
windows, and on the other hand, the cost minimization, characterized by the total
travel time of all required vehicles. The algorithm initiates with an initial solution
and a given temperature. At each step, a new solution is generated and accepted
if it results in an improvement to the objective. and also can be accepted with a
probability if it worsens. Once a specified number of steps has been completed,
the annealing temperature is decreased, and the process is iteratively repeated until
the system converges and stops with a solution. In their work, the authors prove
the intractability of the DARP from this perspective and state the need for heuristic
techniques to deal with the problem. Although the procedure was not validated, they
tested their algorithm on a small dataset provided by the Winston-Salem Transit
Authority, which serves over 300 customers daily.

Parragh et al. [53] faced a multi-objective DARP for a major ambulance dis-
patcher in the Austrian Red Cross, with a two-phase solution heuristic procedure
where they try to minimize costs of the total travel distance of the vehicles and a
client-centered objective measured by the average user ride time. First, they im-
plemented an iterated VNS-based heuristic, generating approximate weighted sum
solutions. A second phase uses ideas of path relinking [56] from the approximated
set obtained by the first phase, aiming to generate all those solutions not found
previously.

2.4 Summary

A summary of the relevant related work to single objective variants is provided in
Table 2.1. The table shows the solution techniques applied by the authors in their
works. The Variants column outlines the main features included. A capacity con-
straint for the vehicle is represented as (c), and other considerations as heterogeneous
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vehicles (hv), waiting time constraints (wt), time windows for customers (tw), mul-
tiple depots (md), manpower planning considering working hours on staff resources
(mp), vehicles performing multiple trips per day (mt), quality of service constraints,
given by deviations concerning maximum riding times (qos), customers can share
rides while traveling (rs), and transfers, i.e. users may change vehicles during their
trip (t). The Objective column specifies what authors attempt to optimize, and that
includes minimization of total routing cost of vehicles (trc), travel times (tt), and
vehicle usage (u).

Table 2.1: Literature Review Summary

Author(s) Solution techniques Variants ObjectiveExact Heuristic Metaheuristic
Hüll et al. [31] MIP c trc
Ropke et al. [57] MIP c-tw trc
Parragh [52] MIP VNS hv-wt trc
Braekers et al. [6] SA hv-wt-md trc
Liu et al. [38] MIP c-mt-mp tt
Cordeau and Laporte [14] TS c-tw trc
Madsen et al. [41] X c-tw trc
Jaw et al. [33] X c-qos trc
Luo and Schonfeld [40] X qos-tw u
Muelas et al. [47] VNS c-tw-wt trc
Xiang et al. [66] X hv-tw trc
Wong and Bell [65] X c-hv-wt trc
Yan and Chen [67] MIP c-rs trc
Masson et al. [43] ALNS c-t-qos tt

From the bi-objective perspective, the problem of the related works reflects
its practical nature and complexity in real-world scenarios. Thereby, heuristic tech-
niques are predominant as solution strategies. Common across these studies is the
emphasis on balancing cost efficiency with service quality, highlighting the need for
specialized heuristic methods to manage the intricacies of the DARP.

Previous studies have explored multi-objective routing problems in various
contexts, such as urban transportation, ambulance dispatch, and general logistics.
However, this work addresses the complexities specific to tourism. This contribution
considers traditional objectives like minimizing vehicle usage, which directly affects
travel costs and distances, while also integrating tourism-specific criteria, such as op-
timizing schedules to reduce waiting times, which helps improve the overall tourist
experience. Furthermore, by employing a wide range of optimization techniques,
this work aims to provide practical solutions that contribute to the field of tourism
management.
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Theoretical basis

3.1 Dominance and Pareto Fronts

The Pareto Front (PF), also known as the Pareto frontier, represents the set of op-
timal solutions in a multi-objective problem. In such problems, there are multiple
conflicting objectives, and it’s not possible to identify a single solution that optimizes
all objectives simultaneously. The PF consists of a set of solutions where no other
is superior in all objectives simultaneously in the search space, as well as the study
of their corresponding trade-off [48]. In this context, a solution is said to dominate
another if it is at least as good as the other solution in all respects and strictly
better in at least one [49]. This concept of dominance forms the basis for compar-
ison and evaluation, providing a clear framework for identifying superior solutions
and informing decision-making processes. It is important to highlight that the PFs
generated in this work are two-dimensional since two objectives must be optimized:
minimizing vehicle usage and on the other hand, waiting times, which refers to the
quality of service.

Solving a bi-objective optimization problem involves the process of building
the PF, as the set of efficient solutions aforementioned. Figure 3.1 illustrates this
concept; suppose that f1 and f2 are functions with minimizing objectives (smaller
values are preferred), and points 1, 2, 3, 4, and 5 represent possible solutions or
decisions. Based on these assumptions and the dominance concepts, solution 4 is
dominated by solution 2, since the latter is preferred for both objectives. Similarly,
solution 5 is dominated by solution 3. In conclusion, one can approximate the Pareto
Frontier with solutions 1, 2, and 3, since no other solution is equally good or better
than them to all objectives.

16
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Figure 3.1: Dominance in a Pareto Front

3.2 Performance of multi-objective
algorithms

Several methods have been suggested for the assessment and comparison of these PFs
[2, 34]. A key consideration is how to conduct equitable comparisons between two or
more front approximations. This task becomes particularly challenging, especially
when the shape and size of the actual PF are generally unknown.

This work incorporates three metrics to evaluate the PFs obtained from com-
peting algorithms. The quality of a PF approximation depends on two factors: (1)
the closeness of the points on the estimated front to the true PF, and (2) the variety
of points on the estimated front, where increased diversity typically signifies im-
proved performance [7]. Based on this previous idea, it has been decided to include
the Overall Nondominated Vector Generation (ONV G), the Hypervolume (H), and
the K−distance as metrics to ensure a more insightful comparison between the gen-
erated PFs. This way, it is aimed to result in better decision-making and compensate
for the drawbacks of using the information from just an individual metric.

The ONV G is a metric that is simply defined as |PF |. It measures the number
of distinct nondominated points produced. This metric is independent, induces a
complete ordering on the set of approximations, and represents a cardinal measure
[34].

The Hypervolume (H), or extent of space occupied, is a metric proposed by
Zitzler and Thiele [69]. It indicates the space limited by a reference solution and
the set of non-dominated solutions S; returning the area which contains solutions
dominated by at least one member of S. Therefore, the larger the H, the better the
Pareto approximation.

The H of a PF depends on a reference point defined by the user, which influ-
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ences the ranking of competing fronts. In instances where the true PF is unknown,
Cao et al. [7] state the reference point r is typically selected as the nadir point,
which is a vector containing the worst values of each criterion as its components, or
a point marginally (slightly) worst to this nadir point. Then, the hypervolume, in a
minimization context, can be formalized as:

H(PF, r) =
∪

s∈PF

space(s, r) (3.1)

where space(s, r) = {v ∈ R2|r ≻ v ⪰ s}, is the criterion space, formed
by 2-dimension rectangles that contain all criterion vectors v ∈ R2, dominated by
the elements s ∈ PF. Then, Figure 3.2 shows a hypothetical 2-dimensional PF
which consists of 5 points, with the nadir point (f1(χ)worst, f2(χ)worst) where each
component corresponds to the maximum value that we can expect in each criterion.
Each point (f1(χ)i, f1(χ)i) represents a non-dominated solution vector. The colored
area represents graphically the hypervolume metric. It has been constructed taking
the Nadir as the reference point, and the values have been normalized to [0, 1] to
transform the values of the two objective variables to a common scale.

Figure 3.2: Hypervolume representation

When comparing PFs to a common reference point, they can be put together
as shown in Figure 3.3. In this case, four PFs are presented, and with this metric
one can state that PF1 dominates PF2, PF3, and PF4, since it has the maximum
value in the hypervolume. H(PF2, r) > H(PF3, r) as solutions 4, 5, and 6 in PF3

are jointly dominated by solutions 4 and 5 in PF2, despite the first three solutions
being common to both fronts. Moreover H(PF2, r) > H(PF4, r) since PF2 has two
more solutions than PF4.

In addition to the hypervolume indicator, it is also considered to evaluate the
PFs according to the k − distance, which evaluates a degree of dispersion of the
generated solutions, originally employed by Zitzler et al. [70] to assess individuals
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Figure 3.3: Hypervolume comparison

within their SPEA2 algorithm. Based on the k-nearest neighbor approach of Silver-
man [59], the k-distance for each point quantifies its Euclidean distance to the k-th
nearest point. It is important to note that this metric is established for each point
independently. Subsequently, the average k-distance is computed to evaluate the
entire approximation set.

3.3 Constraint Programming Framework

Constraint Programming (CP) provides an alternative approach next to the MIP for
problem modeling. However, there is currently no universally accepted CP language;
the syntax and expressiveness depend on the solver. In this dissertation, only the
constraints found in IBM’s CP optimizer [32] are used.

Mixed Integer Programming models solve optimization problems using branch-
and-bound, branch-and-cut, or cutting-plane algorithms. These methods explore
possible solutions by relaxing the integer constraints, solving the continuous relax-
ation, and iteratively narrowing down the feasible region until an optimal integer
solution is found. In contrast, CP focuses on constraint satisfaction rather than op-
timization, using techniques like backtracking and constraint propagation to system-
atically prune the search space and find feasible solutions that satisfy all constraints.
This makes this approach more flexible for handling complex or highly combinatorial
constraints [58].

Generally speaking, CP models use interval variables to represent an interval
of time when an activity is performed, which allows us to refer to them as the
operations in our models. An interval variable α = {r, d, t, o} is defined as this
tuple, representing respectively its earliest time of the interval, its latest end time,
and minimum duration. In addition, there is a characteristic specifying if it is
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optional (no obligation to schedule the operation) or mandatory. Interval variables
include a start time startOf(α) and an endOf(α). They can also be set as absent
and, in this case, should be ignored by any expression or constraint in the model.
Additionally, Table 3.1 describes the type of constraints used in the formulation to
construct our models.

Table 3.1: Description of Constraint Programming constraints

Constraint Description

presenceOf (α) States if interval variable α is present in the solution.

alternative(α,B) If interval α is present,
then exactly one of the intervals in set B is present.

endBeforeStart(α,β) Ensure the ending time of interval α must occur
before or at the same time as the starting time of interval β.

startBeforeEnd(α,β,z)
This constraint ensures that the starting time of interval α,
in addition to a specific duration z must occur before or
at the same time as the ending time of interval β.

span(α,B)

If interval α is present spans over all present intervals
from the set B. This constraint is satisfied automatically if
either of the intervals is absent.

noOverlapSequence(B, dist)

Ensures that the intervals sequence in set B do not overlap.
The distance matrix dist specifies a sequene dependent setup times
for each pair of activites. Absent intervals are ignored as well.
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Methodology

To tackle the Bi-Objective DATP, it is important to derive efficient approaches for
the mono-objective variant. This chapter presents the mathematical model and a
heuristic approach for the single-objective DATP; then, the model is extended to the
bi-objective problem.

The DATP involves assigning tourist groups from a set G to vehicles and
creating efficient routes for picking up and dropping off these groups at the places
where they are hosted or any designated location in their reserved tour Tg. For each
tour, Tg precedence of the visits is known in advance and the staying duration that
is required to carry out the related task on each site. All visits must be completed
within an established planning horizon h. The objective function is to minimize
the number of vehicles required to address all tourist requests. Each vehicle begins
its route with the initial pickup and ends with its last delivery operation. After
visiting one location, a group of tourists might be moved using a different vehicle to
a different place. Transshipment and splitting groups are prohibited while traveling
from a pickup point to a delivery point.

The DATP can be modeled on a directed, weighted graph D(V,A), where each
pickup and delivery operation is associated with a node i. The vertex set V = {Tg}
∪ {og} ∪ {dg}, ∀g ∈ G. Each set Tg contains a duplicate element for the pick-up
and delivery operations at each location to be visited by a group g necessary to
complete its tour. Tg is ordered in such a way that if i is a pick-up operation, then
i+1 represents its corresponding delivery. The precedence relationship specifies the
order of Tg. Vertices og and dg are the origin and destination nodes for each group
g. Then, og represents the initial pickup and dg the final delivery at the hosting
location of group g.

Arcs set A represents the connections of spots. Each arc (i, j) ∈ A has a known
cost of tij, denoting the travel time from the precedent pick-up operation in node i

21
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to the delivery operation at node j. The summary of the notation used in this work
is given in Table 4.1.

Table 4.1: Sets and parameters of the DATP.

Description
Notation
o the virtual initial depot node representing the origin of the vehicle fleet.
d the virtual final depot node representing the final destination of the vehicle fleet.
og node associated with the first pickup of tourist group g ∈ G.
dg node associated with the last delivery of tourist group g ∈ G.
M,M ′ big numbers to ensure values are tight enough to reflect actual bounds in the used

constraints.

Sets
K set of vehicles.
G set of tourist groups.
Tg A sequenced collection of nodes linked to every pickup and delivery task to finalize

the tour of a group g ∈ G., including og and dg.
N set of all nodes (N =

∪
g∈G Tg ∪ {o, d})

N∗ = N \ {o, d} set of all nodes without the initial and final virtual depot.
N+ ⊂ N∗ nodes related to pickup requests.
Eg set of 2-tuples of adjacent nodes (i, j) ∈ T 2

g , g ∈ G, such that j must be performed
after i.

Parameters
h planning horizon.
Q capacity of the vehicles.
pg size of tourist group g ∈ G.
Lg minimum time required to complete the tour scheduled by tourist group g ∈ G.
tij traveling time from request i to request j (Note that, if i /∈ N+ and (i, j) ∈ Eg, for

a group g ∈ G, lij is equal to the staying time at the spot of request i).
δi equals to 1, if i ∈ N+ (pickup node), and −1 otherwise.
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4.1 Single objective Dial-a-Tour Problem

4.1.1 Mixed Integer Programming Model

The DATP is modeled with the following decision variables:

xkij =

{
1, if vehicle k travels from node i to node j,
0, otherwise.

ui : position value of node i ∈ N within a route.
qi : vehicle load at node i ∈ N .
si : arrival time at node i ∈ N .

Min
∑
k∈K

∑
i∈N\{o,d}

xkoi (4.1)

subject to:

∑
j∈N\{o}

xkoj = 1 ∀k ∈ K (4.2)

∑
j∈N\{d}

i ̸=j

xkji =
∑

j∈N\{o}
i ̸=j

xkij ∀i ∈ N \ {o, d}, ∀k ∈ K (4.3)

∑
k∈K

∑
j∈N\{d}

i ̸=j

xkji = 1 ∀i ∈ N \ {o, d} (4.4)

si + tij ≤ sj + (M + tij)

1−
∑
k∈K

xkij

 ∀i ∈ N \ {d}, ∀j ∈ N \ {o, i} (4.5)

si + tij ≤ sj ∀(i, j) ∈ Eg , ∀g ∈ G (4.6)∑
m∈N∪{o}

m ̸=i

xkmi =
∑

m∈N∪{o}
m ̸=j

xkmj ∀k ∈ K, ∀g ∈ G, ∀(i, j) ∈ Eg with i ∈ N+ (4.7)

qi + δjpg ≤ qj + (M ′ + δjpg)

1−
∑
k∈K

xkij

 ∀i ∈ N \ {d}, ∀g ∈ G, ∀j ∈ Tg (4.8)

ui − uj − |N |xkij = |N | − 1 ∀k ∈ K (4.9)
xijk ∈ {0, 1} ∀(i, j) ∈ N2 (4.10)

si ∈ R and qi ∈ R ∀i ∈ N (4.11)
ui ∈ Z ∀i ∈ N with uo = 0 and ud = |N | (4.12)

The Objective Function (4.1) is to minimize the number of vehicles used. Con-
straints (4.2) guarantee that a maximum of k vehicles will depart from the initial
depot. Constraints (4.3) ensure the flow preservation at each node. Constraints
(4.4) indicate mandatory departures and arrivals. Constraints (4.5) ensure the vehi-
cle’s time consistency. In these constraints, M = h has been set. Constraints (4.6)
guarantee precedence in the tour operations of each group. Constraints (4.7) ensure
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subsequent pickup and delivery operations must be performed by the same vehicle.
Constraints (4.8) assure the vehicle capacity is not exceeded, setting M ′ = Q. Con-
straints (4.9) represent sub-tour elimination for nodes whose travel time between
them is zero, for example, in cases where a vehicle performs a delivery and then
a pick-up at the same node. Constraints (4.10)–(4.12) define the domain of the
decision variables.

4.1.2 Heuristic Procedure

The total number of available vehicles directly impacts the size of the MILP formu-
lation. To mitigate this, we aim to reduce the number of variables and constraints
associated with K by creating a feasible solution by iteratively inserting requests in
a route while maintaining feasibility.

This approach is detailed in Algorithm 1. The algorithm starts by selecting
requests that have not yet been assigned. Each request is paired as a pick-up and
delivery and then searched for insertion candidates. Requests are ordered to their
earliest release time. A best-insertion process is used to determine the insertion point
for each request, considering route length and minimal delays. This process selects
the best insertion among all available routes at that moment. If a request cannot be
assigned to a route, a new route is created. In cases where a new route is opened for
a request, all preceding operations of the corresponding group are assigned to the
new route opened for the new vehicle to avoid idle time.

Algorithm 1: Constructive heuristic
Data: A partial Solution V (V may be empty)

1 Let R be the list of unassigned pickup-delivery pair (i, j) in V ;
2 while R ̸= ∅ do
3 Let (i, j) ∈ R pickup-delivery pair with the earliest release time;
4 R ← R \ {(i, j)};
5 Try to insert the pair (i, j) together in any route in V while minimizing the

resulting delay in the overall solution;
6 if no feasible insertion for (i, j) is found then
7 Open a new route R and insert(i, j) in R;
8 Remove from V all the group requests preceding (i, j) and insert them in R;
9 V ← V ∪ {R};
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4.1.3 Local Search

To refine solutions iteratively and seek better ones obtained by the previous Con-
structive Heuristic, a Local Search (LS) algorithm is proposed. Algorithm 2 details
this method, which systematically explores the neighborhood of the current solu-
tion to find an improved one. The neighborhood structure is created by randomly
selecting a vehicle and removing all its operations. Moreover, it eliminates all sub-
sequent operations of groups served by this vehicle from the overall solution. Then,
Algorithm 1 is used to reassign the operations. For example, if the chosen vehicle
finishes a pick-up and delivery for a specific group, all subsequent operations after
this pair are reassigned. This may include operations not executed by the selected
vehicle, offering flexibility during the solution reconstruction phase.

The method aims to improve the order of requests in the corresponding routes
of a solution. This may involve rearranging operations within routes to reduce total
tour lengths and vehicle usage. If no improvement is identified, the algorithm resets
from a perturbed solution. This perturbation randomly eliminates operations from
routes in the current solution based on a specified probability, intending to introduce
variety and potentially evade local optima, with Algorithm 1 used for repair.

Algorithm 2: Local Search
Data: An initial Solution V

Result: Vbest

1 Vbest ← V ;
2 Iter ← 0 (Number of successive iterations without improvement);
3 while Iter < MaxIter and time limit is not reached do
4 Let C be the set of candidate routes in V ;
5 while Iter < MaxIter and time limit is not reached do
6 Choose randomly a route R ∈ C ;
7 C ← C \ {R};
8 V ′ ← V \ {R};
9 Remove from V ′ all requests {i, ..., dg} ⊂ Tg of group g ∈ G if i ∈ R;

10 Repair V ′ with Algorithm 1;
11 if V ′ uses less vehicles than V then
12 V ← V ′;
13 C ← ∅ (we exit the while loop);

14 if V has not been improved then
15 Iter ← Iter + 1;
16 Remove randomly 50% of the pairs (i, j) of pickup and deliveries from V and repair it with

Algorithm 1;
17 V ← V ∪ {R};

18 if V uses less vehicles than Vbest then
19 Iter ← 0;
20 Vbest ← V ;
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4.2 Bi-Objective Dial-a-Tour Problem

In the context of the single objective DATP, which aims to minimize the number of
vehicles used, it is crucial to consider a second objective related to service quality
provided to tourists. Tourists also value the overall experience, including minimizing
their waiting times. Long waiting periods can negatively influence how the service
provided is perceived. Incorporating an additional objective that prioritizes reduc-
ing waiting times can improve customer satisfaction. This can lead to better service
provision and take a more comprehensive approach to the issue, ultimately con-
tributing to the sustainability and success of the tour-operating business. Hence, a
bi-objective variant of the problem is detailed in this section.

4.2.1 Mixed Integer Programming Model

This bi-objective variant seeks to minimize the waiting times and vehicle usage
necessary to complete the tours. Then, in addition to Constraints (4.2-4.12) the
problem is modeled as follows:

min z1=Wmax (4.13)

min z2=
∑
k∈K

∑
i∈N\{,d}

xkoi (4.14)

s.t. Wmax ≥ wg ∀g ∈ G (4.15)

wg ≤ 1−
sdg − sog − Lg

Lg

∀g ∈ G (4.16)

(4.2)− (4.12).

where wg denotes the waiting time for each group g ∈ G performing its tour.
The Objective Function (4.1) is set as the second objective z2. The value Wmax in
the first objective z1 represents the maximum waiting time for all groups. Minimiz-
ing this value is expected to minimize waiting times for all groups in the problem.
Constraints (4.15-4.16) are used to compute waiting times for vehicles.
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4.2.2 Non-dominated Sorted Genetic Algorithm II

To tackle the bi-objective DATP, an NSGA-II algorithm [19] is proposed. Algorithm
3 illustrates this procedure. The algorithm uses a unique non-dominated sorting
technique to categorize solutions into different fronts or layers, where each front
represents a set of solutions that are not dominated by any other solution in the
same front. This sorting is crucial for maintaining diversity and providing a trade-
off range of solutions.

Algorithm 3: NSGA-II Pseudocode
Data: Instance of the DATP
Result: Set of non-dominated solutions F ;

1 Generate a random population P of size N ;
2 Set gen← 1;
3 while gen ≤ maximum generations do
4 Let Q be the offspring population;
5 while |Q| < N do
6 Randomly select two parent individuals I1 and I2 from P ;
7 Apply crossover to create two offspring O from I1 and I2;
8 Apply mutation to O;
9 Q← Q ∪ O;

10 Let R be the combined population P ∪Q;
11 Perform non-dominated sorting on P to assign solutions to fronts Ti;
12 Calculate crowding distance for each I in each Ti;
13 Let P ′ be the next generation of P ;
14 if |T1| ≥ N then
15 Let R ∈ R be the first N individuals with the least crowding distance of T1;
16 P ′ ← R;

17 else
18 P ′ ← T1;
19 while |P ′| < N do
20 Let M be the remaining members with the least crowding distance of the next

consecutive front Ti+1;
21 P ′ ← P ′ ∪M ;

22 P ← P ′ ;
23 gen← gen+ 1;

In this genetic algorithm, the encoding process involves representing a solution
as a sequence of genes. Each gene corresponds to a pick-up or delivery operation at
a spot. When a new individual is created, its genes are initialized and will represent
the order in which tourist groups are scheduled in the vehicle routes.

Decoding a solution involves interpreting the sequence of genes to construct
a feasible solution for the problem. Here, operations are assigned to the solution
based on the genes. The fitness is calculated based on the number of vehicles and
the waiting time of the groups in the solution.

When the algorithm creates an initial population, it sorts solutions using a non-
dominating sorting, assigning rankings in different PFs based on their dominance.
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Then, the crowding distance helps to differentiate those in the same PF.

The crossover technique combines genetic information from two parent solu-
tions to create new candidate solutions (offspring). This is done by selecting a
segment of genes between randomly chosen minimum and maximum positions. The
aim is to ensure the offspring inherit continuous segments from both parents to
preserve feasible routes. For this operator, two positions are randomly selected,
genes between these positions are directly copied from one parent, and the remain-
ing positions are filled with genes from the other parent, ensuring no duplication
and maintaining relative order.

Once the offspring are created for introducing variability and exploring new
regions of the solution space, the mutation operator reverses segments of the gene
sequence through a center inverse mutation strategy by reversing parts of the solution
sequence, choosing a random point k with the sequence of genes. The sequence before
k and the sequence after k are reversed separately.

After the crossover and mutation operators occur, the offspring generate a
combined population. After sorting the solutions, the method reduces the population
size by removing solutions from the back of the sorted population list until it reaches
the set population size.

4.2.3 Constraint Programming Model 1

In this formulation, spg is an interval variable indicating the span over the sequence
of operations of the group g ∈ G, svk is another interval variable indicating the span
over the operations of vehicle k ∈ K. In addition, oi is an interval variable that
represents the operation i ∈ N , and aik is an optional interval variable that denotes
the alternative of operating i ∈ N with vehicle k ∈ K. Furthermore, cg is a variable
indicating the proportion of waiting time for operations of the group g ∈ G.

Min Z1 = max
g∈G
{cg} (4.17)

Min Z2 =
∑
k∈K

PresenceOf(sk) (4.18)

subject to:

span(visitaltik | i ∈ N) = sk ∀k ∈ K (4.19)
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alternative(visiti, {visitaltik | ∀k ∈ K}) ∀i ∈ N (4.20)
noOverlap({visitaltik | ∀i ∈ N},M) ∀k ∈ K (4.21)

endBeforeStart(visiti, visitj , lij) ∀(i, j) ∈ N ×N (4.22)
PresenceOf(visitaltik)⇒ PresenceOf(visitaltjk) ∀(i, j) ∈ Eg, ∀g ∈ G, ∀k ∈ K (4.23)∑

i∈N+

step(visitaltik, qi)−
∑

j∈N−

step(visitaltjk, qj) ≤ Q ∀k ∈ K (4.24)

PresenceOf(visiti) = true ∀i ∈ N (4.25)

The Objective Function (4.17) tries to minimize the waiting times for groups.
An additional objective function (4.18) seeks to reduce the quantity of vehicles being
utilized. Constraints (4.19) assign span for vehicles from the first to the last visited
nodes for each vehicle. Constraints (4.20) assign operations to exactly one vehicle.
Constraints (4.21) ensure no overlapping in the sequence of operations. Constraints
(4.22) define the minimum time lag in precedence constraints to express staying
times in the visits at locations before starting the subsequent operations. Constraints
(4.23) Make sure that each pickup and its related delivery task is carried out by the
same vehicle, and Constraints (4.24) avoid exceeding vehicle capacity. Constraints
(4.25) state that every pick-up and delivery operation must be carried out. We will
refer to this model as CP1.

4.2.4 Constraint Programming Model 2

In an additional refinement of modeling the DATP, a second CP model, known as
CP2, is introduced. Unlike the CP1 model, which is based on the MILP Model
and duplicates each node, representing both delivery and pick-up operations at the
same location, handling them as instantaneous with a setting the length of 0, the
CP2 adopts a distinct strategy. A set of requests R =

∪
g∈G{r = (i, j) : (i, j) ∈

Eg and i ∈ N+} is defined, and its elements are associated with 2-tuples of successive
(pick-up, delivery) operations from all groups.

For a given request r ∈ R, the associated pick-up and delivery nodes are
denoted as r+ and r−, respectively. Additionally, Rg ⊂ R refers to the subset of
requests from the group g ∈ G.

The CP model has the following variables:

zr: index of the vehicle performing request r ∈ R

requestr: interval variable which represents request r ∈ R

requestrk: interval variable which represents request r ∈ R carried out by vehicle k ∈ K

Then, in addition to the Objective Function (4.17) it can be modeled as follows:
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Min Z2 = max
r∈R
{zr} (4.26)

subject to:

zr =
∑
k∈K

k × PresenceOf(requestaltrk) ∀r ∈ R (4.27)

zr = zr′ ⇒ |startOf(requestr)− endOf(requestr′ )| ≥ lr+r′−
∨

|endOf(requestr)− startOf(requestr′ )| ≥ lr−r′+
∨

|startOf(requesti)− startOf(requestj)| ≥ lr+r′+
∨

|endOf(requesti)− endOf(requestj)| ≥ lr−r′−

∀(r, r′) ∈ R2 (4.28)

alternative(requestr, {requestaltrk | ∀k ∈ K}), ∀r ∈ R (4.29)
endBeforeStart(requestr, requestr′ , lr−r′+

) ∀g ∈ G, ∀(r, r′) ∈ R2
g , (r−, r′+) ∈ Eg (4.30)∑

g∈G

∑
r∈Rg

pulse(requestrk, wg) ≤ Q ∀k ∈ K (4.31)

The objective function (4.26) corresponds to the minimization of vehicle usage.
Constraints (4.27) indicate the assignment of vehicle requests. Constraints (4.28)
stands for time consistency between consecutive requests, so the minimum travel
time is respected. Constraints (4.29) indicate that precisely one vehicle carries out
a request. Constraints (4.30) indicate the visit precedence considering the duration
of stay at each spot. Constraints (4.31) make sure that the total loading by each
vehicle stays within its capacity limit.

4.2.5 Augmented ϵ-Constraint Method

The augmented ϵ-Constraint method (AUGMECON) proposed by Mavrotas [44],
as a variant of the ϵ-Constraint [29], designed to eliminate the generation of weakly
Pareto optimal solutions is used to obtain our non-dominated solutions of the Pareto
front. The ϵ-constraint is one of the most widespread methods in the literature
for obtaining non-dominated solutions for multi-objective problems. This method
proposed by Haimes [29], is based on optimizing one objective function, whereas
the others are set as constraints of the model, and using parametrical variations
in the right-hand-side of the now constrained objective functions, a Pareto front is
obtained.

Generally, the ϵ-Constraint method involves a technique where the number of
objective functions is reduced by converting them into constraints of the problem.

To find our non-dominated solutions through the AUGMECON method, our
model is reformulated, maintaining Constraints 4.19-4.25 as follows:
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MinZ1 = max
g∈G
{cg} − eps× s2/r2 (4.32)

subject to: ∑
k∈K

PresenceOf(sk) + s2 = ϵ (4.33)

(4.19)− (4.25). (4.34)

The eps value represents a small number, set to 10−3 as suggested by Mavrotas
[44], s2 is a surplus variable, and r2 is the range of the second objective function.
The ϵ parameter is varied across the range r2 to generate the PF points. Those ϵ

values vary from 1 (minimum amount of used vehicles possible) to a maximum value
computed by a simple greedy procedure where no groups have to wait, assigning
the groups iteratively until no more can be added, then another vehicle is enabled.
This way, the result acts like an upper bound, and the worst values in the number
of vehicles used are not allowed. For each value of ϵ, the single objective problem
of minimizing waiting times by the function (4.32) and subject to the vehicle usage
constraint 4.33 is solved. This involves solving a series of constrained optimization
problems, each with a different ϵ value. The resulting solutions will provide different
trade-offs between waiting times and vehicle usage. Each solution generated corre-
sponds to a specific point on the PF. The process continues until the entire feasible
range of ϵ values is explored, ensuring that all potential trade-offs are considered.

4.3 Summary

In this chapter, the solution methods for each of the variants of the DATP are
presented. For the single objective, a MIP model is detailed. Then, a constructive
heuristic procedure is described as an alternative to deal with the model size. The
procedure is based on the insertions of pickup and delivery pairs. In another step,
a local search procedure is considered to help improve the previously generated
solutions.

Additionally, the problem has been extended to a bi-objective variant, along
with the proposal of several solution methods. Another MIP model is adapted, an
NSGA-II adapted to this kind of application is presented, and two CP models are
proposed, which are applied using an ϵ-Constraint method to generate the Pareto
Fronts.



Chapter 5

Results

5.1 Instance Generator

To the best of our knowledge, no benchmark can be found in the literature that can
be adapted to our problem; therefore, a new set of instances has been proposed.
To create realistic instances, tours offered by various Mexican agencies of Cancún
and some nearby zones across the Yucatan Peninsula have been analyzed, extracting
full-day tours and randomly assigning groups to existing tours.

Additionally, the time spent at each attraction ranges from 60 to 210 minutes,
and vehicles have a capacity of 20 passengers. Tourist groups range in size from 1 to
9 individuals. By varying the seed in the generation process, we ensured diversity in
the layouts, affecting the duration of stays at attractions, travel times, group sizes,
and starting locations. This benchmark has been tested for the single-objective
variant of the problem.

In the extension for the bi-objective variant of this work, and using this infor-
mation, a random generator has been developed to create five classes of instances:
Class 0, Class 1, Class 2, Class 3, and Class 4. Each class consists of ten instances
with groups of sizes 5, 10, 30, 50, 70, and 90. The primary distinction among the
classes lies in the diversity of tours offered. In Class 0, only one tour is available;
therefore, all tourists select it, concluding that there will be no diversity in the tours.
In Class 1, the number of different available tours is approximately 25% of the total
number of tourist groups; in Class 2, this increases to around 50%; in Class 3, to
around 75%; and in Class 4, there are as many tours as tourist groups.

32
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5.2 Experimental Results

The mathematical models and algorithms were implemented using C++ as the pro-
gramming language. The computational experiments were conducted on an Apple
iMac with a 2.3GHz Intel Core i5 processor and 8 GB of RAM. The optimization
models were solved using IBM ILOG CPLEX Optimization Studio and CP Opti-
mizer, version 22.11.

5.2.1 Single-Objective DATP

5.2.1.1 Solver Comparisons

Tests are conducted using the proposed benchmark to assess the performance of our
proposed methods. Our analysis included the outcomes of both the MIP model and
the constructive heuristic. Furthermore, the solution generated by the constructive
heuristic has been utilized as an initial input for the MIP model and subsequently for
initializing the local search approach. The CPLEX solver and the other algorithms
were terminated after a one-hour runtime, with the best solutions identified based
on fitness (i.e., the number of vehicles utilized) being reported.

Each solution generated by the methodologies comprises a sequence of pick-up
and delivery operations to satisfy the tour requests made by tourists. This sequence
is illustrated in Figure 5.1, which presents an example solution depicting how two
vehicles manage the requests from five groups.

Figure 5.1: Schedule Example
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General results are detailed in Table 5.1, comparing the exact and heuristic
approaches. It can be noticed that the MIP model demonstrated its inability to find
solutions for more than five groups within the specified one-hour timeframe, making
it impractical for larger group sizes. Nevertheless, to enhance the initial solutions
provided by the constructive method, we conducted experiments that extended to
scenarios involving ten groups. We fed the MIP model with an initial solution and
evaluated potential enhancements in terms of vehicle utilization. A decrease in the
number of vehicles was only noted in a single instance, specifically for a scenario
involving five groups.

Table 5.1: Results of the MILP method and the Local Search approach

Feasible Solutions Optimals Avg. Gap CPU Time

Number of groups MILP Local Search MILP Local Search MILP Local Search MILP Local Search
5 10 10 2 3 0.400 0.350 2881.40 0.01

10 - 10 - 0 - 0.585 3600.00 0.01
20 - 10 - 0 - 0.715 3600.00 0.10
30 - 10 - 0 - 0.656 3600.00 0.11
40 - 10 - 0 - 0.604 3600.00 2.40
50 - 10 - 0 - 0.639 3600.00 3.80
60 - 10 - 0 - 0.632 3600.00 6.50
70 - 10 - 0 - 0.623 3600.00 10.80
80 - 10 - 0 - 0.618 3600.00 13.30
90 - 10 - 0 - 0.621 3600.00 22.50

100 - 10 - 0 - 0.616 3600.00 24.50

(-) The solver does not find solution

The constructive heuristic successfully generated solutions for all tourist groups,
expanding the analysis to all benchmark instances. Regarding vehicle usage, the im-
pact of incorporating the local search approach to the initial solution obtained by
the constructive method has been examined. This influence is analyzed in Figure
5.2, illustrating a notable improvement when employing the local search strategy.
The horizontal axis of the boxplot represents instances grouped by tourist group
sizes (10 instances per group), while the vertical axis shows the number of vehi-
cles obtained by the analyzed methods. It indicates that as the number of groups
increases, the gap between the local search and the constructive method increases,
with reductions in the vehicles required to fulfill all tourist requests reaching nearly
40%. This demonstrates the effectiveness of the local search in enhancing the initial
solution.

Finally, it is found pertinent to investigate how the number of requests in-
fluences the corresponding number of vehicles required to complete all operations.
Figure 5.3 illustrates the correlation between the total number of requests and the
corresponding number of vehicles needed, categorized by groups. The figure shows
a scatter plot. The horizontal axis represents the total number of requests present



Chapter 5. Results 35

Figure 5.2: Effect of the LS on the Constructive Method to reduce vehicle usage.

in all instances of the benchmark, while the vertical axis represents the number of
vehicles used to handle all the requests. Instances are grouped by color to differ-
entiate between their different group sizes. This graph offers a visual reference for
estimating the approximate number of vehicles necessary to handle a specific volume
of tourism requests, helping in decision-making processes.

Figure 5.3: Total number of requests handled by vehicles
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5.2.2 Bi-Objective DATP

5.2.2.1 Solver Comparisons

A comparison of different metrics for multi-objective algorithms is presented, aiming
to provide a comprehensive analysis of their effectiveness in evaluating the perfor-
mance of such algorithms. The metrics under consideration include Hypervolume
and K-distance (spacing). Each metric is examined in terms of its ability to capture
key aspects of solution quality, such as diversity and convergence, across a range of
the tested instances. The CPU time taken by each solver to create the correspond-
ing Pareto Front (PF) is also measured. The findings describe the strengths and
limitations of each metric in the field of multi-objective optimization.

The Hypervolume is widely successful and popular because it considers both
proximity and diversity while strictly adhering to Pareto principles [7]. This means
that when one PF approximation dominates another, the hypervolume of the dom-
inant one is always greater than the other. To assess the spread of solutions, the
K-distance metric was used to measure the extent of the spread in a computed PF
approximation. In addition, the Overall Non-dominated Vector Generation (ONVG)
metric has been included. This metric is considered important for finding approx-
imations of PFs with many points, as it provides the decision-maker with a wide
range of options for making the final decision.

Three solution methods are evaluated in the solver comparisons for these met-
rics: The PFs obtained using NSGA-II and the AUGMECON procedure using both
CP1 and CP2 models.

Overall Non-dominated Vector Generation Figure 5.4 shows the results
of ONVG obtained by the different methods. This metric represents the cardinality
(number of points) of the PF approximations generated by the different algorithms.

In this boxplot, the horizontal axis represents instances grouped by the different
tourist group sizes. Each group has 50 cases (10 instances per each of the five classes).
The vertical axis shows the number of points obtained by the analyzed methods. In
this case, the AUGMECON-CP1 algorithm provides more points than the other
AUGMECON-CP2 and the NSGA-II algorithms, finding up to 13 points as average
for bigger instances. However, as this metric by itself sometimes does not refer to
the quality of a non-dominated set, it might be useful to analyze algorithms from
more perspectives.
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Figure 5.4: Comparison of the ONVG of the different solution methods

Hypervolume During the evaluation process, it has been encountered a notable
number of missing (NA) values in the results for this metric. The reason is that to
compute this metric, two or more elements in the solution vector must be present
[7].

Analyzing the results (see Appendix B), one can say that for smaller instances,
the NSGA-II method efficiently finds a very strong solution early in the process,
which dominates all other potential solutions, preventing the formation of a diverse
PF for other trade-offs between objectives in those instances.

To conduct a fair and reliable comparison of the methods based on the hy-
pervolume metric, it is essential to focus on groups of instances where all methods
provide sufficient data for analysis. Specifically, in Group 5, 70% of the instances
(35 out of 50) produced NA values for the NSGA-II. Given this high percentage,
instances for this group have been excluded from further analysis using this metric
when comparing the generated PFs.

Figure 5.5 then, shows the comparison of the results of the hypervolume metric
obtained by the approximations of the PFs generated by the different solvers across
different numbers of groups. The horizontal axis of the boxplot represents instances
grouped by tourist group sizes (each group with 50 instances), while the vertical
axis shows the number of vehicles obtained by the analyzed methods. Overall, it
appears that the PF generated by the CP1 method tends to achieve higher mean
hypervolume values compared to the other two in most of the group sizes. This
suggests that the PF of the AUGMECON-CP1 may be more effective in exploring
the solution space and generating diverse solutions. The majority of fluctuations
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are devised with a smaller number of groups, but the algorithms seem relatively
consistent across the bigger group sizes, with levels of performance between 0.7 and
0.9 regardless of the number of groups in the instances.

Figure 5.5: Comparison of Hypervolume of the different solution methods

K-distance Figure 5.6 shows results after applying the K-Distance with k = 2

metric. As this metric considers the distance between a point and its closest neigh-
bor, it indicates the degree of spread in the solutions of the Pareto set approx-
imations. In this boxplot, the horizontal axis represents instances grouped by
the different tourist group sizes, each group with 50 instances. The vertical axis
shows the values obtained by the analyzed methods for this metric. The PFs of the
AUGMECON-CP2 method show more separated solution points, indicating wider
ranges in their sets. The other two algorithms show similar results with nearer points
in most solutions of the analyzed instances.

A comparison of the CPU Times of the different solution methods is shown in
Figure 5.7. The NSGA-II method takes the set limit of 3600 seconds for generating
the approximated PF. On the other hand, for the CP1 method, stability of around
3600 seconds can be observed when dealing with instances of more than 40 groups.
In addition, with the CP2 method, it can be seen an increasing trend as the number
of groups grows.
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Figure 5.6: Comparison of K-Distance metric with different solution methods

Figure 5.7: Comparison of CPU Time with different solution methods
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Conclusions

In this work, an optimization problem devised in the tourism industry has been
introduced. In the literature review, it has been found that it strongly resembles a
well-studied problem: the Dial-a-Ride Problem. Multiple solution approaches and
variants have been proposed to solve it, highlighting heuristics and metaheuristics-
based techniques due to the nature of the problem. Our objective with this work
is to contribute to the optimization of the route planning process in the tourism
industry, specifically in the scheduling of vehicle visits to tourist attractions.

This dissertation attempts to analyze the problem from two perspectives, with
a single-objective framework and then as a multi-objective problem. For the single-
objective problem, two solution methods have been proposed for this challenge: a
MIP model and a heuristic. The MIP model struggles to find solutions for more
than 5 groups within an hour timeframe. Hence, the heuristic approach is proposed
to deal with this limitation, and an LS is implemented to further improve these
solutions. Results demonstrate a better performance for the LS based on the tests
on the proposed benchmark from a real-case scenario. As a result, it can be said
that for real-world problems, the LS approach can efficiently handle up to 100 groups
of customers within 25 seconds at most. In addition, it can reduce the number of
vehicles used to perform all requests by up to 40% in some scenarios. Finally, a
visual tool is included to assist tour operators in determining the number of vehicles
required based on a specific volume of requests.

Our work also aims to improve the overall tourism experience. Therefore, it
introduces a variant where waiting times are considered as a minimization objective,
becoming a bi-objective problem. From this perspective, three solution methods
have been proposed as other contributions. First, two approximate Pareto frontiers
are constructed using the AUGMECON method based on CP models. Second, an
NSGA-II adapted to this type of on-demand transportation problem. Several met-

40
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rics have been computed to compare these methods. Regarding the hypervolume, on
average, the first CP model (AUGMECON-CP1) tends to achieve higher values. In
terms of the number of generated solutions, the AUGMECON-CP1 algorithm pro-
vides more solutions than the other methods. with values up to 6 points as average in
the greater instances. This suggests that this PF offers higher-quality solutions than
the other two methods, effectively balancing the objectives, dominating more of the
objective space, and providing more diverse options for decision-makers. The better
performance of AUGMECON-CP1 over AUGMECON-CP2 can be attributed to the
efficiency of the constraints used in its formulation. In particular, AUGMECON-
CP2 relies on more complex conditional constraints for time consistency and vehicle
operations, which introduce additional computational effort. By using no overlap
constraints to manage vehicle scheduling and precedence constraints for group se-
quences, the AUGMECON-CP1 model reduces the need for complex conditional
logic.

6.1 Future work

Future research could involve testing these methods with heterogeneous vehicle fleets
for both single and bi-objective perspectives. Additionally, for the single objective
problem, studying the influence of the number of total requests for vehicle usage
can be beneficial for tour operators, enabling them to estimate the number of vehi-
cles needed for a given planning schedule through simulations. Finally, for the bi-
objective perspective, the necessity of performing an in-depth analysis of the trade-off
between the objectives in real-world cases. In addition, the study of the significance
of preferring to have a larger set of solution options can influence the choice of an
algorithm when addressing the problem.



Appendix A

Results of the Single-Objective
Solution Methods

A.1 Mixed Integer Programming Model

Table A.1: Results of the MIP Model

Instance Fitness Gap CPU_time (sec) #_spots #_nodes #_groups #_tours VCap LB Peek_Load Av_Load

Ca_5_0 2 0.5 3600 30 28 5 22 20 1 18 6.12
Ca_5_1 2 0.5 3600 29 26 5 22 20 1 16 5.58
Ca_5_2 2 0.5 3600 29 26 5 22 20 1 15 4.05
Ca_5_3 2 0.5 3600 30 28 5 22 20 1 13 6.69
Ca_5_4 1 0.0 1 30 26 5 22 20 1 20 13.59
Ca_5_8 2 0.5 3600 30 24 5 22 20 1 18 7.16
Ca_5_5 2 0.5 3600 30 26 5 22 20 1 18 7.57
Ca_5_6 2 0.5 3600 30 26 5 22 20 1 19 8.81
Ca_5_7 1 0.0 13 29 24 5 22 20 1 19 10.95
Ca_5_9 2 0.5 3600 30 28 5 22 20 1 14 4.18
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