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ABSTRACT

THE PERIODIC VEHICLE ROUTING PROBLEM WITH VISUAL
ATTRACTIVENESS AND DRIVER CONSISTENCY

SAEEDEH AHMADI BASIR

Industrial Engineering Ph.D DISSERTATION, July 2024

Dissertation Supervisor: Asst. Prof. Amine Gizem Tinig

Keywords: Vehicle Routing, Logic-Based Benders Decomposition, Column
Generation, Visual Attractiveness, Driver Consistency, Parallel Tempering,
Adaptive Large Neighborhood Search

This thesis explores advanced methodologies and innovative approaches to the
Periodic Vehicle Routing Problem (PVRP) and its variants. Initially, we propose a
new vehicle flow formulation for the PVRP and strengthen it with valid inequali-
ties. We also investigate two prominent formulations for the PVRP available in the
literature: a commodity flow formulation, referred to as the load-based formulation,
and a cut-based formulation which is adapted from a formulation originally devel-
oped for a variant of the PVRP. We also extend these formulations to model the
PVRP with time windows (PVRPTW) and employ valid inequalities to tighten the
resulting formulations. A comprehensive computational study is then carried out to
compare the performances of alternative PVRP and PVRPTW formulations on var-
ious sets of benchmark instances with different characteristics. The results attest to
the robustness and the consistency of the proposed formulation and its strengthened
versions in producing good quality solutions, especially for large instances although
the load-based formulations tend to perform well in small instances. Subsequently,
we address the PVRP using a Logic-Based Benders Decomposition approach and
a Column Generation-based heuristic. Our findings reveal that the Column Gen-
eration algorithm achieves near-optimal solutions, deviating by an average of only
0.21% from the best-known solutions in the literature. Further, we incorporate
visual attractiveness and driver consistency constraints into the PVRPTW, devel-
oping a Mixed-Integer Linear Programming formulation for this extended problem
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(PVRPTWVADC). To solve the PVRPTWVADC, we propose an Adaptive Large
Neighborhood Search (ALNS) algorithm and a Parallel Tempering-based ALNS
(PTALNS). Comprehensive computational studies highlight the robustness and su-
perior performance of the PTALNS algorithm.



OZET

GORSEL ELVERISLILIK VE SURUCU TUTARLILIGI KISITLARI ILE
PERIYODIK ARAC ROTALAMA PROBLEMI

SAEEDEH AHMADI BASIR
Endiistri Mithendisligi DOKTORA TEZI, Temmuz 2024

Tez Damsmani: Dr. Ogr. Uyesi Amine Gizem Tinic

Anahtar Kelimeler: periyodik ara¢ rotalama, mantik-temelli Benders ayrigtirmasi,
stitun tiiretme, gorsel elveriglilik, siirticti tutarliligl, paralel temperleme, adaptif

genig komsguluk arama

Bu tezde, periyodik arag rotalama problemi (PARP) ve varyantlarma yonelik
yenilik¢i ve etkin ¢oziim yaklagimlar: gelistirilmesine odaklanilmistir. Ilk olarak,
PARP igin yeni bir ara¢ akig formilasyonu oOnerilmis ve gegerli esitsizliklerle
giiglendirilmigtir. Ayrica, literatiirde PARP i¢in mevcut olan iki énemli formiilasyon
incelenmigtir: ytk-temelli formiilasyon ve baglangigta PARP’nin bir varyanti i¢in
geligtirilmis bir formiilasyondan uyarlanan kesi-temelli formiilasyon. Bu formiilasy-
onlar, zaman pencereli PARP’yi (PARP-ZP) modelleyecek bigimde genigletilmis ve
elde edilen formilasyonlar1 giiclendirmek i¢in yine gecerli esitsizliklerden ve opti-
malite kesilerinden faydalanilmigtir. Farkl ozelliklere sahip gesitli problem 6rnek-
leri iizerinde, alternatif PARP ve PARP-ZP formilasyonlarimin performanslarini
kargilagtirmak icin kapsamli bir hesaplama galigmasi gerceklestirilmistir. Sonuglar,
ozellikle biiytik ornekler igin, onerilen formiilasyonun ve gliclendirilmis versiyon-
larinin, iyi kalitede ¢oztimler iiretme konusunda giirbiizliigiinii ve tutarhligini dogru-
lamakta, ancak yiik-temelli formiilasyonlarin kiigiik ve orta 6rneklerde tistiin perfor-
mans gosterme egiliminde olduguna isaret etmektedir. Ardindan, PARP’yi ¢6zmek
i¢in bir mantik temelli Benders ayrigtirma (MTBA) yaklagimi ve siitun tiiretmeye
dayali bir sezgisel yontem geligtirilmistir. Elde edilen bulgular, siitun tiiretme algo-
ritmasiin, literatiirde bilinen en iyi ¢oziimlere kiyasla ortalamada yalmzca %0.21
sapmaya sahip ¢oziimler belirleyebildigini ortaya koymustur. Son olarak, PARP-
ZP’ye gorsel elveriglilik ve stiriicii tutarlihigr kisitlarinin eklenmesiyle elde edilen
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genigletilmis problem (PARP-ZPGEST) igin bir karigik tamsayili programlama for-
miilasyonu geligtirilmistir. Problemi etkin bir gekilde ¢6zmek i¢in bir adaptif genig
komguluk arama algoritmasi ve buna dayali bir paralel temperleme yontemi 6ner-
ilmig ve Onerilen algoritmanin performansi, yapilan hesaplama caligmalari ile dogru-
lanmagtir.
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1. INTRODUCTION

The periodic vehicle routing problem (PVRP) is a generalization of the vehicle
routing problem (VRP) in which customers require one or several visits within a
multi-period planning horizon. Visit dates are not fixed; instead, a list of allowable
visiting options is associated with each customer. Without labeling the problem
with a specific name, Beltrami and Bodin (1974) introduce it in a study about
garbage collection in which some sites require service three times a week (Monday,
Wednesday, and Friday; or Tuesday, Thursday, and Saturday), whereas other sites
should be visited six times a week. Russell and Igo (1979) name the problem as
the assignment routing problem and allow more flexible visiting options making
all days of the week acceptable for each customer. Christofides and Beasley (1984),
naming the problem as the period routing problem, consider predetermined allowable
visiting options for each customer as in Beltrami and Bodin (1974). Gaudioso and
Paletta (1992) use the term periodic vehicle routing for the first time. They enforce
a minimum and a maximum number of days between two consecutive visits to a

given customer.

The PVRP has many real-life applications; multi-period routing plans with cus-
tomers or points of interest requiring regular and frequent visits are generic examples.
As evidenced in Beltrami and Bodin (1974) as the very first study, the waste collec-
tion systems are straightforward applications of the PVRP. More recently, special
purpose waste collection such as used oil and recyclable materials have become even
more common (Elbek and Wghlk, 2016). In urban freight logistics, planning for the
distribution of Fast-moving consumer goods (FMCG) orders to retailers and sales
points can also be considered as another solid example as the frequency of visits to
customers, that is, the number of times each customer should be visited during the
planning horizon, varies significantly (Copur et al., 2020). In the care of elderly and
disabled persons, the services are provided to users at different frequencies within a
certain period of time depending on their needs and requests; the visit schedules of

the care personnel can be constructed by solving a PVRP (Alves. et al., 2019).

The PVRP has a rich history of research since Beltrami and Bodin (1974). A
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variety of approaches have been proposed to model and solve the problem. A syn-
opsis of alternative PVRP formulations up to 2008 is presented by Francis et al.
(2008). Considering the various modeling approaches in the literature, our study
aims to provide an overview and a detailed computational comparison of the most

prominent PVRP formulations.

In particular, we investigate three alternative formulations: (1) a cut-based for-
mulation involving vehicle flow variables and exponentially many subtour elimi-
nation constraints (SECs), (2) a commodity flow formulation referred to as the
load-based formulation, involving both vehicle and commodity flow variables, and
a polynomial number of SECs, and (3) a new mixed integer programming formu-
lation, the so-called MTZ-based formulation, involving vehicle flow variables and a
polynomial number of Miller-Tucker-Zemlin type SECs (MTZ-SECs), which com-
bines several aspects of the existing modeling techniques. Our primary goal is to
study the computational performance of these formulations. We also extend these
formulations by adding time window constraints, which are commonly encountered
in practice, and we investigate how the resulting formulations perform in solving
the PVRP with time windows (PVRPTW). Moreover, we employ families of valid

inequalities to tighten the formulations.

Our study also brings together various data sets from the literature. We conduct
an extensive computational study on seven data sets with varying characteristics
to provide a thorough comparison of the aforementioned formulations as well as to
assess the benefits of using valid inequalities. The early PVRP benchmark instances
are presented by Russell and Igo (1979), Christofides and Beasley (1984), Russell
and Gribbin (1991), and Chao et al. (1995). Several studies use these instances as is
while others adapt them based for their problem structures (Cordeau et al., 1997), or
generate their own data sets with different characteristics (Rodriguez-Martin et al.,
2019). Cordeau et al. (2001) adapt the ten basic PVRP instances of Cordeau et al.
(1997) to the PVRPTW. Pirkwieser and Raidl (2009a) assign random allowable visit
schedules to the customers in the famous Solomon data set for the VRP with time

windows (Solomon, 1987).

Furthermore, the concept of "visual attractiveness" in routing, though not pre-
cisely defined (Constantino et al., 2015), has been increasingly recognized for its

practical importance. It generally encompasses certain desirable features for routes:

« compactness (Hollis and Green, 2012; Matis, 2008; Matis and Kohdani, 2011;
Poot et al., 2002; Rossit et al., 2016; Tang and Miller-Hooks, 2006);

 non-overlapping or non-crossing routes (Hollis and Green, 2012; Poot et al.,



2002; Kim et al., 2006; Rossit et al., 2016; Toth and Vigo, 2014; Lu and
Dessouky, 2006; Tang and Miller-Hooks, 2006; Matis, 2008);

» not complex (Constantino et al., 2015; Mesa et al., 2024);

o driver consistency (Braekers and Kovacs, 2016a; Rodriguez-Martin et al., 2019;
Rodriguez-Martin and Yaman, 2022)

Visual attractiveness in routing is highly relevant in practical applications.
Routes that are compact and well-separated are often more acceptable to practition-
ers and facilitate the implementation of routing plans. In some cases, compactness
is even a design requirement, such as in area-based distribution systems for parcel
delivery (Schneider et al., 2015). The differences between solutions optimized for
traditional objectives, like minimizing length or cost, and those optimized for visual
attractiveness are stark. For instance, Figures 1.1 and 1.2 illustrate solutions for
PVRPTW with and without considering non-crossing routes and driver consistency

constraints.

Figure 1.1 Solution routes to the PVRPTW without considering visual attractive-
ness and driver consistency constraints

day: 1 day: 2




Figure 1.2 Solution routes to the PVRPTW considering visual attractiveness and
driver consistency constraints

day: 1

-15 -50 -5 -]

E A .

Despite the inherent vagueness in defining visual attractiveness, this concept has
often been central in designing routing plans. To the best of our knowledge, Poot
et al. (2002) were the first to use this term, reflecting their customers’ requirements.
They noted that some customers considered the outputs from the ORTEC vehicle
routing software (http://www.ortec.com/) to be "poor." This dissatisfaction was
not only due to traditional metrics such as cost, total number of vehicles used, or
total distance traveled but also to non-standard indicators customers used to assess
plan acceptability. They observed that these non-standard measures were not well-
studied in the scientific literature and suggested that visually attractive plans seemed
more logical and aligned with traditional working methods, thereby fostering trust

among both drivers and planners, leading to quicker system acceptance (Poot et al.,
2002).

Since then, the importance of considering visual attractiveness has been fre-
quently emphasized in the literature, with its foundations largely based on practical
applications. According to Matis (2008), overlapping routes can lead to complaints
from drivers, who perceive such planning as inefficient. Practitioners generally dis-
like routes optimized solely for length that spread across different areas while in-

tersecting each other (Mourgaya and Vanderbeck, 2007). "Nice" solutions are often
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easier to implement practically, reducing the time needed to instruct drivers and
leading to more stable route durations due to their homogeneity in traffic conditions
(Battarra et al., 2014; Schneider et al., 2015). Routes can be further refined by fa-
miliarity with the area and clients (Kant et al., 2008; Poot et al., 2002). In addition,
if customer service cannot be provided at the preferred time, returning later is easier
if the vehicle remains in the same area. Similarly, in the case of traffic jams or road
disruptions, finding alternative routes is simpler when customers are in a compact
area (Hollis and Green, 2012).

Battarra et al. (2014) described applications where route compactness is crucial,
such as transporting elderly people to recreation centers, where users prefer being
picked up with neighbors, or in "gated communities" where customers should be vis-
ited sequentially by the same vehicle to avoid time-consuming stops at checkpoints.
Another example is household newspaper delivery, where it is undesirable to serve
the same area with multiple carriers, as neighboring subscribers may receive their

newspapers at very different times (Hasle et al., 2011).

In the home health care system, it is highly preferred that customers are visited
by the same nurse throughout their treatment planning horizon. This continuity
fosters trust and comfort, improves the quality of care, and ensures a better under-

standing of the patient’s needs and medical history (Yang et al., 2021).

From our perspective, the importance of visual attractiveness lies mainly in its
proven critical role in practical applications. Planning a near-minimum-cost rout-
ing plan that is unattractive and likely to be rejected by practitioners or modified
according to their preferences can be a waste of time and effort. Therefore, generat-
ing visually appealing routing plans can enhance customer satisfaction and reduce

implementation costs.
The contributions of this study are as follows:
o Mixed Integer Linear Programming (MILP) Formulations:

— We investigate the mixed integer linear programming (MILP) formula-
tions of the PVRP and the PVRPTW with a unified and comparative

perspective,
— We present a new formulation using vehicle flow variables, and

— We conduct a comprehensive computational study in which we bring

together seven sets of benchmark instances with different characteristics.

To the best of our knowledge, this is the first study exploring the behavior



of traditional PVRP(TW) formulations on such a diverse set of problem in-
stances. We believe that our findings will provide guidance to those wishing
to study and develop solution methods for the PVRP(TW) and its variants as

well as other closely related problems in the future.
+ Optimization Methodologies for PVRP:

— We propose Logic-Based Benders Decomposition (LBBD) algorithms to
solve the PVRP.

— We introduce a column generation-based heuristic to address the same

problem.
e Enhancements to PVRPTW Formulations:

— We extend the cut-based PVRPTW formulation to incorporate non-

crossing routes and driver consistency restrictions.
— We utilize PTALNS to solve the problem effectively.

By addressing these contributions, our study not only advances the theoretical
understanding of PVRP(TW) formulations but also provides practical insights

for improving routing plans in real-world applications.
The structure of this thesis is organized as follows:

o Chapter 2 presents a comprehensive literature review, outlining the relevant

studies and methodologies in the field.

o Chapter 3 is a comparative study of alternative PVRP(TW) formulations in
which in Section 3.1, the PVRP is formally defined, four formulations are
presented, and corresponding valid inequalities are introduced; then, all three
formulations, defined on the directed network, are extended to the PVRPTW
as well. In Section 3.2, the computational results on the data sets from the
literature are reported and discussed. Finally, Section 3.3 presents our findings

and concluding remarks.

o In Chapter 4, we address the PVRP using Logic-based Benders Decomposition

(LBBD) algorithms and a column generation-based heuristic.

— We propose LBBD algorithms in Section 4.1, which comprises five subsec-
tions. In Section 4.1.1, we introduce the Generalized Assignment Master
Problem. Section 4.1.2 presents the Vehicle Routing Sub-Problems, fol-

lowed by an introduction to Benders’ cuts in Section 4.1.3. Section 4.1.4



explains the implementation of the proposed algorithms, and Section 4.1.5

covers the computational experiments.

— Section 4.2 introduces a column generation-based heuristic to address the
same problem, also divided into five subsections. Section 4.2.1 presents
the problem definition and formulation. Section 4.2.2 details the col-
umn generation approach. Section 4.2.3 discusses the pricing subprob-
lem. Section 4.2.4 describes the Integer solution of the problem. Section
4.2.5 provides the computational results. Finally, Section 4.3 offers the

conclusion of the chapter.

o In Chapter 5 we take into account the visual attractiveness and driver consis-
tency constraints and define PVRPTW with visual attractiveness and driver
consistency (PVRPTWVADC). In Section 5.1, we define the problem and pro-
vide detailed formulations. In Section 5.2, we introduce an adaptive large
neighborhood search (ALNS) algorithm, while Section 5.3 delves into the
Parallel Tempering technique. Section 5.4 integrates these methodologies,
describing the parallel tempering-based adaptive large neighborhood search
(PTALNS) Algorithm. The effectiveness and performance of the proposed ap-
proach are evaluated in Section 5.5 through a thorough computational study.
Finally, Section 5.6 concludes the chapter, summarizing key findings and sug-

gesting directions for future research.



2. Literature Review

The PVRP is introduced in Beltrami and Bodin (1974), where, for the first time, pe-
riodicity of customer deliveries is taken into account in addition to routing decisions.
However Beltrami and Bodin (1974) do not present a mathematical formulation of
the problem. Another influential study in the early history of the PVRP by Russell
and Igo (1979) approaches the PVRP as the assignment routing problem and pro-
vides a verbal description of the parameters and the constraints of the problem in
detail, yet again without a formulation. Christofides and Beasley (1984) are credited
for providing the first mathematical formulation of the PVRP in many studies, but
in fact, Foster and Ryan (1976) made the earliest attempt to formulate the PVRP as
a vehicle scheduling problem incorporating the periodic delivery requirements. Al-
though the work by Foster and Ryan (1976) predates both Christofides and Beasley
(1984) and Russell and Igo (1979), only Russell and Igo (1979) cite Foster and Ryan
(1976). In general, most of these studies have been cited by the majority of the
subsequent studies due to the pioneering roles they played in the evolution of the
PVRP literature. In a more recent study, Campbell and Wilson (2014) discuss the
wide applicability of the PVRP and describe the development of solution methods.
In line with the focus of our study, in sections 2.1 and 2.2 we particularly focus on
the modeling approaches and formulations as well as other VRP variants that can
be considered as extensions or relatives of the PVRP. In Section 2.3, we explore the

importance of visual attractiveness in routing problems from various perspectives.

2.1 Modelling Approaches

Considering the mathematical modeling approaches available in the PVRP lit-
erature, vehicle-indexed formulations seem to be relatively more popular (Cordeau
et al., 1997; Christofides and Beasley, 1984; Huerta Munoz, 2018; Alves. et al.,
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2019). Christofides and Beasley (1984) define the PVRP as the problem of assign-
ing customers to schedules to meet the required visit frequencies and designing a set
of routes for the customers assigned to be visited on each day of the planning horizon
in a separate subproblem. They present an integer programming (IP) formulation
for the problem using two sets of decision variables, one for assigning customers to
visit combinations and another for routing on each day. To circumvent computa-
tional difficulties of routing constraints, Tan and Beasley (1984) use a simplified
VRP formulation of Fisher and Jaikumar (1981) in which the routing constraints
are not explicitly specified. They define a cost measure 6 that represents the cost of
visiting a specific node with a specific vehicle on a specific day and use two sets of

binary decision variables to formulate the problem.

Christofides and Beasley (1984) propose an aggregate vehicle-indexed formula-
tion for the PVRP (PVRP-A) by using aggregated binary variables which determines
if a customer is visited on a specific day without specifying the vehicle identity.
Huerta Munioz (2018) develops a disaggregate vehicle-indexed formulation for the
PVRP (PVRP-D) and compares it with the PVRP-A. According to the results, the
PVRP-D produces better quality solutions than the PVRP-A.

Another approach to model the PVRP is by using commodity flow variables,
instead of vehicle-indexed variables, to identify the total flow (i.e. the total quantity
transported) on a given arc for each day of the planning horizon without addressing
the specific vehicle that traverses the arc; this approach is referred to as the load-
based formulation. Archetti et al. (2017) propose the first so-called load-based
formulation for the problem. Huerta Munioz (2018) compare it with the PVRP-D
and the PVRP-A. The results show that the load-based formulation outperforms
both the PVRP-D and the PVRP-A.

In vehicle-indexed formulations, mostly to guarantee the connectivity of the ve-
hicle routes, standard SECs are used (Cordeau et al., 1997; Christofides and Beasley,
1984). Huerta Munoz (2018) reinforces the classical SECs to have a stronger linear
programming relaxation. Archetti et al. (2017) define a set of three-indexed com-
modity flow variables to keep track of the vehicles’ load as they traverse the arcs to
avoid subtours and capacity violation. To prevent the formation of subtours, Alves.
et al. (2019) use a set of three-indexed integer variables which correspond to the

place of each customer in the sequence of visits of each vehicle on each day.

As it is common with other variants of the VRP, some studies present set cover-
ing and set partitioning formulations of the PVRP (Foster and Ryan, 1976; Baldacci
et al., 2011; Cacchiani et al., 2014). It is interesting to observe that the only exact
solution algorithm was proposed ten years ago by Baldacci et al. (2011), and yet, it is
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still credited for being the state-of-the-art methodology to solve the PVRP. This al-
gorithm is based on a set partitioning formulation of the PVRP. The authors propose
three different relaxations of their set partitioning formulation, which are then used
to derive strong lower bounds for the problem. Based on these lower bounds and
the information collected through a related dual solution, they reduce the number of
variables in the formulation without eliminating any optimal integer solution. The
reduced integer program is solved exactly by a commercial solver. Computational
results show that the proposed method can achieve lower bounds within 1% of opti-
mality on the average, improves the best-known upper bound for five instances, and
solves several test instances to optimality for the first time. Rothenbécher (2019)
uses their exact branch-and-price-and-cut algorithm, originally proposed to solve
the PVRPTW, also to solve some PVRP instances from the literature.

2.2 Relatives and Extensions of the PVRP

The multi-depot VRP (MDVRP) is a single-period VRP with multiple depots
in which each vehicle is assigned to one of the given depots. Cordeau et al. (1997)
show that the MDVRP can be formulated as a special case of the PVRP by asso-
ciating the depots in the MDVRP with the periods in the PVRP, and by enforcing
a single visit to every customer throughout the planning horizon. Consequently,
any method that can solve the PVRP can also solve the MDVRP. Bettinelli et al.
(2011) introduce a set-covering formulation for the multi-depot heterogeneous VRP
with time windows and develop a branch-and-cut-and-price algorithm to solve the
problem. The algorithm adopts different combinations of cutting planes and pricing
strategies. It can also be used as a column generation-based heuristic for large-scale
instances that cannot be solved to proven optimality. Computational results show
that the proposed methodology is competitive and often better in comparison with

local search heuristics from the literature.

Contardo and Martinelli (2014) provide an ad-hoc compact two-indexed IP for-
mulation, namely the vehicle-flow formulation, and a set-partitioning formulation
for the MDVRP. Several families of valid inequalities are used to strengthen both
formulations. They present an exact algorithm for the MDVRP which employs the
ad-hoc vehicle-flow and set-partitioning formulations at different stages. The first
one is used to derive a lower bound and implement variable fixing. The second

is solved by column-and-cut generation considering the reduced network obtained
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through the variable fixing procedure. The algorithm proves optimality for some
previously open instances. For the instances that the algorithm is not able to solve,

the terminal lower bounds are stronger than those obtained by earlier methods.

Francis et al. (2006) generalize the definition of periodicity and introduce the
PVRP with service choice in which service frequency is a decision of the problem.
They present an IP formulation for the PVRP-SC by extending the VRP formulation
of Fisher and Jaikumar (1981) to accommodate service choice and develop an exact
procedure to solve the problem. They deploy a Lagrangian relaxation scheme to
separate the decisions on scheduling customer visits from the routing decisions, and
create two subproblems. Then, they apply a subgradient optimization procedure on
both subproblems to obtain lower bounds. At the end of the Lagrangian relaxation
phase, if the solution, constructed along the way as the best-known upper bound,
equals to the lower bound, an optimal solution is found. Otherwise, a branch and
bound algorithm is used to close the remaining gap between the upper and lower
bounds. They also present a heuristic variation of their exact method for larger

problem instances.

Archetti et al. (2015a) propose MILP formulations for the multi-period VRP
with due dates (MVRPD), where customers have to be served between predefined
release and due dates. Their first formulation is a flow-based formulation (a vehicle
flow formulation) containing a set of four-indexed binary decision variables indicat-
ing whether a given arc is traversed by a particular vehicle on a particular day. The
flow-based formulation is then extended by defining additional variables to assign
customers to vehicles and days, which yields another formulation. Finally, a load-
based formulation, where aggregated vehicle flow variables are used, is obtained by
adding commodity flow variables representing the quantity transported via each arc
in the network. The authors present a series of valid inequalities for each formu-
lation, and a branch-and-cut algorithm to solve the formulations. The load-based
model outperforms the flow-based formulations according to the results of a compu-
tational study. Larrain et al. (2019) introduce two new classes of valid inequalities
for the load-based model of Archetti et al. (2015a) to improve the performance of
the branch-and-bound algorithm proposed by Archetti et al. (2015a). The enhanced
branch-and-bound algorithm is further improved by a variable MIP neighborhood
descent search algorithm (VMND) with local search operators in which whenever
the exact phase of the algorithm reaches a new upper bound, the local search proce-
dure is executed to speed up the search for high-quality solutions around the current
solution. Upon termination of the local search phase, the exact solution algorithm

resumes execution.
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Rodriguez-Martin et al. (2019) propose a MILP model of the PVRP with driver
consistency constraints which enforce all visits to a given customer within the plan-
ning horizon to be made by the same vehicle. They present several families of valid
inequalities to strengthen the linear programming relaxation of their formulation
and develop an exact branch-and-cut algorithm to solve the problem. On a new
set of randomly generated instances, the authors demonstrate the efficiency of their
algorithm as well as the benefits of the suggested valid inequalities and several al-
gorithmic enhancement procedures implemented. The algorithm is able to solve
to optimality all the feasible instances with 10, 20, and 30 customers and several

instances with 50, 60, and 70 customers.

Rothenbécher (2019) addresses the PVRPTW and its variant with fully flexible
schedule sets. The author presents a route-based extended set-partitioning formu-
lation for the PVRPTW and an exact branch-and-price-and-cut algorithm to solve
both problems. Results of a computational study with the PVRPTW benchmark
instances of Cordeau et al. (2001) demonstrate that the suggested algorithm is able
to identify lower bounds that are close to the best-known upper bounds for several
large instances. However, tests on the PVRP instances indicate that the algorithm

could not produce competitive results when compared to those reported by Baldacci
et al. (2011).

2.3 Visual Attractiveness

As previously mentioned, the concept of visual attractiveness, introduced by Poot
et al. (2002), is relatively new in the routing literature. However, earlier studies have

addressed similar ideas, primarily focusing on route compactness.

Tang and Miller-Hooks (2006) develop an iterative heuristic for solving the VRP
with maximum travel time constraints using a clustering-based algorithm. Initially,
seed customers are selected, and other customers are assigned to the nearest seed via
a Semi-Assignment Problem (SAP). A TSP heuristic then determines the schedule
and routing time for each cluster. If a route exceeds the maximum travel time,
the SAP is resolved with a modified cost matrix, increasing distances to overloaded
clusters and reducing distances to feasible ones. If SAP still does not yield a feasible
solution after several iterations, a Multi-objective Assignment Problem is used to

reassign customers, aiming to minimize the number of customers closer to another
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route’s center and the total travel times while explicitly limiting each route’s travel
time. The algorithm was tested on real-life instances from FedEx and compared with
Tang and Hu (2005), showing the expected trade-off between visual attractiveness

and standard objectives.

Zhou et al. (2006) and Lu and Dessouky (2006) present an insertion heuristic
to solve the multi-vehicle VRP with Pickup and Delivery with time windows that
includes a crossing-avoidance penalty in the insertion cost calculation. Both studies
note that it is relatively easy to find feasible and inexpensive insertions without
crossings at the beginning of route construction due to the availability of many
customers and the low initial route occupancy. However, as routes near capacity,
the focus shifts from visual attractiveness to optimizing length and capacity uti-
lization. To maintain some level of visual attractiveness, their algorithm allows for
increasingly less attractive insertions by reducing the crossing-avoidance penalty as
more customers are assigned. Their algorithm was tested on instances derived from
Solomon (1987) and compared to the Sequential Insertion Algorithm and a parallel
insertion heuristic, generally yielding better results in terms of both visual attrac-
tiveness and standard objectives. However, when compared with Li and Lim (2001),
their solutions performed worse in terms of the number of vehicles used and travel

time.

Kim et al. (2006) develop a clustering-based algorithm to enhance the visual
attractiveness of VRPTW solutions for waste collection. The two-stage heuristic
begins with a capacitated clustering algorithm to estimate and form clusters, fol-
lowed by an extended insertion algorithm to route points within each cluster. Ini-
tially, customers are assigned to the nearest seed customer, and cluster centroids are
calculated. Customers are then reassigned based on their distance from a "grand
centroid" while maintaining capacity and travel time constraints. The process re-
peats until cluster compositions stabilize. The second stage sorts clusters and applies
an insertion algorithm to determine routes, refining them further using a Simulated
Annealing algorithm. Similarly, Sahoo et al. (2005) introduced a route-management
application for waste collection that emphasizes route compactness. Their algo-
rithm, resembling Kim et al. (2006) method, employs the K-means Variant Balanced
Clustering Algorithm (Surya Sahoo PhD, 2004) instead of using a "grand centroid."
Tested on Solomon (1987), their approach generally produced more visually appeal-
ing but less efficient solutions compared to the best-known ones, whereas Kim et al.

(2006) focused on real-world waste collection problems.

Another area where companies prioritize generating visually attractive routes

is product distribution. Kant et al. (2008) demonstrate a heuristic algorithm im-
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plemented via the ORTEC vehicle routing software, which resulted in substantial
savings for the Coca-Cola Company. This algorithm combines an insertion method
with local search, avoiding movements that cause route overlaps and incorporating
a Clustering Penalty (CP) to discourage non-compact routes. The CP, proportional
to the distance of customers from the route’s central customer, is initially set high
to create familiar routes for dispatchers and drivers. As they become accustomed
to the new routes, the CP is lowered to optimize for cost. This gradual adjustment,
suggested by Poot et al. (2002), facilitates a smoother transition to more efficient

routes.

Poot et al. (2002) also collaborate with ORTEC clients to adapt a savings al-
gorithm, originally by Clarke and Wright (1964), to emphasize route compactness
by considering customer location, time windows, and vehicle type. Incorporating
a 'region" factor in the savings calculation improved route compactness, outper-
forming standard insertion algorithms. Bosch (2014) further modified the ORTEC
software to include visual attractiveness constraints, based on Savelsbergh’s circle
covering method (Savelsbergh, 1990). This modification, inspired by experienced
planners’ manual improvements, led to cost reductions for the Zeeman chain store
in the Netherlands.

Hollis and Green (2012) develop a complex heuristic algorithm to create visually
attractive routes for Schweppes Australia Pty. Ltd. The algorithm operates in two
stages: a novel variation of Solomon’s Sequential Insertion Algorithm (Solomon,
1987), followed by a local search using the Guided Local Search Algorithm by Kilby
et al. (1999). Recognizing that insertion techniques alone can result in elongated,
non-compact routes, they implement an alternative insertion criterion. When a
route nears its maximum duration, new customers are inserted based on proximity
to already visited customers, avoiding elongated routes. Additionally, the local
search algorithm aims to minimize both routing costs and the overlap of convex
hulls associated with the routes. Testing on real-world instances from Melbourne
and Solomon’s VRPTW benchmark (Solomon, 1987) show that their algorithm while
yielding more visually appealing routes, resulted in greater total distances and more

routes compared to the best-known solutions.

Gretton et al. (2013) enhance the visual attractiveness of solutions generated
by the Indigo software, designed by Kilby and Verden (2011). Their approach uti-
lizes the ALNS method by Ropke and Pisinger (2006), which iteratively removes
and reinserts a large set of customers using a heuristic. They incorporate an in-
sertion algorithm that prioritizes visual attractiveness by considering the distance

of customers to the route median (the customer nearest to the route’s geometric
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centroid) and the sum of turn angles, referred to as bending energy. Their tests,
conducted on literature benchmarks (Solomon, 1987; Gehring and Homberger, 1999)

and real-world instances, demonstrate improved visual attractiveness of the routes.

Rossit et al. (2016) introduce a heuristic algorithm aimed at optimizing both
visual attractiveness and standard costs in the capacitated VRP (CVRP). Their
approach begins by generating an initial solution using a clustering-based algorithm
similar to Surya Sahoo PhD (2004), followed by refinement through local search
techniques. Testing on CVRP instances proposed by Uchoa et al. (2017) shows that
their algorithm produced visually appealing solutions surpassing the best-known
solutions in terms of aesthetic quality but with a trade-off of longer total route

lengths.

Rocha et al. (2022) tackles the challenge of designing vehicle routes that are
both cost-effective and visually attractive, suggesting that clustering can effectively
proxy for visual attractiveness. The authors present a bi-objective CVRP model
that aims to minimize travel costs and clustering criteria simultaneously. They
employ a multi-objective evolutionary algorithm to approximate the Pareto frontier.
Extensive computational experiments assess the impact of three clustering criteria:
diameter minimization, min-sum of cliques, and minimum sum-of-squares. The
results indicate that the latter two criteria yield high-quality, visually attractive

solutions while maintaining low travel costs.

Recent studies have introduced new variants of PVRP with a focus on "consis-
tency." Consistency can refer to the consistency of routes, as explored by Yao et al.
(2021), or to the consistency of visit times and drivers. Time consistency ensures
that visits to a customer occur at roughly the same time of day, which is crucial in
scenarios such as administering medication or conducting tests in-home healthcare
services. Driver consistency means that the same driver visits a customer each time,
enhancing service quality and leveraging the driver’s familiarity with customers,

routes, and traffic conditions (Smilowitz et al., 2013).

The Consistent VRP, which considers both time and driver consistency, has
been examined by Groér et al. (2009). In Consistent VRP, customer visit schedules
are predetermined, with consistency requirements linking different periods. Goeke
et al. (2019) proposed exact and heuristic algorithms to solve this problem, achieving
optimal solutions for instances with 30 customers over five periods within reasonable

time frames.

Other studies, such as those by Braekers and Kovacs (2016b), Zhu et al. (2008),

and Luo et al. (2015), explore a broader concept of driver consistency by limiting
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the number of drivers visiting each customer. Kovacs et al. (2015a) introduce the
generalized ConVRP, where a customer is visited by a limited number of drivers, and
variations in arrival times are penalized. A multi-objective approach to this problem
was studied by Kovacs et al. (2015b), while Campelo et al. (2019) examined a variant

involving multiple daily deliveries and service level agreements.

Rodriguez-Martin et al. (2019) develop a branch-and-cut algorithm for the PVRP
with Driver Consistency, where each customer must be visited by the same vehicle at
each visit. This study does not consider consistency in visit times or vehicle travel
time limits but requires the model to determine the visit schedules. Rodriguez-
Martin and Yaman (2022) address a variant called the PVRP with Driver Consis-
tency and Service Time Optimization, which not only determines routes and visit
schedules but also optimizes service times to maximize service utility for the com-
pany. The authors present a MILP formulation for this problem and propose three
branch-and-cut methods to solve it, including two methods based on Benders de-

composition.

For a more comprehensive insight into visual attractiveness in routing problems,
see Rossit et al. (2019). Their review paper provides a detailed exploration of the

topic.

2.4 Solution Approaches

To solve the PVRP and its variants, various solution methods have been devel-
oped, capable of producing good solutions within a reasonable amount of time. The
evolution of these methods can be traced from early heuristic approaches to more

advanced metaheuristics and exact methods.

2.4.1 Early Approaches

Initial methods for solving the PVRP primarily relied on construction and im-
provement heuristics. Beltrami and Bodin (1974) introduce key heuristics involving
the Clarke and Wright procedure and random assignment of customers to delivery

days. In the heuristic presented by Russell and Igo (1979) customers are clustered
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based on delivery requirements, followed by three heuristics: initial scheduling based
on cost estimates, link exchanges for improvement, and a modified Clarke and Wright
method. Christofides and Beasley (1984) present a heuristic for solving VRPs by
initially assigning customers based on delivery constraints and quantities, then re-
fining through cost-minimizing combinations. They improve solutions via customer
swaps and solve new problems as median problems or TSPs using heuristics, testing

with the dataset from Russell and Igo (1979) and 10 new instances.

2.4.2 Metaheuristics

As computational power increased, metaheuristics gained popularity due to their

ability to handle larger instances effectively.

Tabu Search: Cordeau et al. (1997), introduce the first tabu search algorithm
for PVRP, Periodic TSP, and MDVRP. It randomly assigns customers to deliv-
ery days, then optimizes routes using insertion heuristics and neighborhood moves,
with penalties for infeasible solutions to encourage diversity. Their method, requir-
ing fewer user parameters, produced new best solutions on many instances. This
approach inspired numerous adaptations for related problems, such as PVRPTW,
PVRP incorporates intermediate facilities, and applications in various industries,

enhancing computational power and operational flexibility.

Variable Neighborhood Search: Hemmelmayr et al. (2009) improve best-
known solutions using Variable Neighborhood Search (VNS), which alternated neigh-
borhoods to escape local optima. They allowed inferior solutions similar to simulated
annealing, which proved effective on canonical datasets. Pirkwieser and Raidl (2010)
extended this approach with multilevel refinement, abstracting and solving simpler

versions of the problem.

Adaptive Large Neighborhood Search: Dayarian et al. (2016) investigate
the design of tactical plans for a transportation problem inspired by real-world milk
collection in Quebec. To account for seasonal variations, they modeled the problem
as a multi-period VRP and developed an ALNS algorithm incorporating several
heuristics. Testing the algorithm on a large set of instances of different sizes, they
compared results for smaller instances with existing exact solutions and computed

lower and upper bounds for larger instances.

Other Metaheuristics: Several other metaheuristics have been developed for
the PVRP. Ochi and Rocha (2000) propose a genetic algorithm combined with local
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search. Vidal et al. (2012) enhanced genetic search by increasing population diver-
sity. Matos and Oliveira (2004) applied ant colony optimization, while Gongalves

et al. (2005) used a greedy-randomized adaptive search procedure.

2.4.3 Exact Solution Approaches

Christofides and Beasley (1984) is well cited by PVRP papers, likely since they
provide the first IP formulation for the PVRP. Although many publications ref-
erence or extend that formulation or provide their own mathematical formulation,
most admit that solving these formulations is limited to at most moderate-size prob-
lems and resort to other solution approaches. Mostly, Heuristics and metaheuristics
are applied, some based on the information provided by the IPs. However, a few
publications exploit deeply the flexibility of mathematical programming approaches

to solve the PVRP or its variations.

Francis et al. (2006) generalize the definition of periodicity in PVRP and in-
troduce the PVRP with service choice. They present an IP formulation for the
PVRP-SC by extension of Fisher and Jaikumar (1981) VRP formulation in several
dimensions to accommodate service choice and propose an exact solution proce-
dure to solve the problem. The first component is the Lagrangian relaxation of
one constraint and separates the decisions on scheduling customers from routing to
create two subproblems. Then, they apply a subgradient optimization procedure
on a Lagrangian function to develop lower bounds on the solution. At the end of
the Lagrangian relaxation phase, if the solution, constructed along the way as the
best-known upper bound, equals the lower bound, the optimal solution is reached.
Otherwise, a branch and bound algorithm is used to close the remaining gap be-
tween the upper and lower bounds. They also present a heuristic variation of the
exact method. These solution methods are limited to problem instances of medium

size.

Francis and Smilowitz (2006) present a continuous model by approximating dis-
crete variables and parameters of the formulation presented in Francis et al. (2006)
with continuous functions. They propose a solution approach based on geographic
decomposition and variable substitution. Utilizing this approach leads to a simple
problem that can be solved quickly. Therefore, it can be useful for larger prob-
lems. They apply this approach to the 100b PVRP dataset from Christofides and
Beasley (1984). Although this approach does not improve the best-known value,
it is competitive. Its quick results can also be used to help design valuable service
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options.

Mourgaya and Vanderbeck (2007) develop a model with a twofold objective: op-
timization of regionalization and balancing the workload across vehicles. To solve
the relaxed problem, they employ a Dantzig—Wolfe reformulation and column gener-
ation. They apply insertion heuristics to price out columns with considering balanc-
ing the two objectives. A feasible solution for the PVRP is produced by rounding
the solution, obtained at the end of the LP solution phase, by exploring the branch
and bound tree. They use some instances from the Cordeau dataset (Cordeau et al.,
1997) to evaluate the solution approach. Although this approach produces costly
routes, it can compete with the approach of Cordeau et al. (1997) when regionaliza-

tion and workload balancing are taken into account.

Rodriguez-Martin et al. (2019) propose an integer linear mathematical formula-
tion for the PVRP with driver consistency in which each customer should be visited
by the same vehicle within the planning horizon. They presented several families
of valid inequalities to strengthen the LP relaxation of the problem. They devel-
oped an exact algorithm, which is a combination of a branch and bound method
and a cutting-plane method, to solve the problem. The latter is used to derive lower
bounds by solving the improved LP relaxation of the problem. They generated their
own benchmark instances to evaluate the performance of the algorithm. Compar-
ing the branch and bound algorithm with other simplified versions of it shows the
efficiency of applied valid inequalities and other procedures in the algorithm. The
algorithm is able to solve to optimality all the feasible instances with 10, 20, and 30

customers and several instances with 50, 60, and 70 customers.

Baldacci et al. (2011) propose a new IP for the PVRP and three different re-
laxations of this formulation, which are used to derive strong lower bounds for the
problem. Without eliminating any optimal integer solution, they reduce the number
of variables in the formulation, using the incorporation of these lower bounds and
the information gained from a related dual solution. The reduced integer problem
is solved exactly. Computational results show that the exact method can achieve
the lower bound on average within 1% of optimality. The algorithm improves the
best-known upper bound for five instances and solves several test instances to op-
timality for the first time. Their proposed algorithm currently is credited as the
state-of-the-art methodology for the exact solution of the PVRP.

Archetti et al. (2015b) propose three alternative IP and MIP formulations for the
multi-period vehicle routing problem with due dates (MVRPD), where customers
have to be served between a predefined release and a due date. They present a

series of valid inequalities for each formulation. The formulations were solved with
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a branch and cut algorithm. According to computational results aggregated load-
based model (MIP) outperformed the other two flow-based formulations (IPs).

Larrain et al. (2019) formulate MVRPD as a mixed-integer programming prob-
lem. They improve the performance of the branch-and-bound algorithm (B&B —1)
proposed by Archetti et al. (2015b) by introducing two new classes of valid inequal-
ities. They compare the enhanced algorithm (B&B —2) with B&B — 1 through
computational experiments. They also present a hybrid algorithm for the MVRPD,
which combines variable MIP neighborhood decent search (VMND) and branch-and-
bound algorithm. The idea is to speed up the search for the high-quality solution in
the local search heuristic embedded in B& B — 2 through VMND and define search
operators through variable fixing on MILP problems. Computational results show
that the new branch-and-bound algorithm (B&B —2) beats the B&B —1 in 47 in-
stances, ties in 26, loses in 7 and reduces the average optimality gap on each group
of instances. The B& B — 2 increases the number of instances solved to optimality
from 21 to 24 out of 80 and reduces the optimality gap from 12.1% to 5.1% on the
instances with one vehicle. The hybrid algorithm improves the best-known solution

for 35 out of 80 instances and reduced the average optimality gap from 5.1% to
3.6%.

Cordeau et al. (1997) show the MDVRP can be formulated as a special case of
PVRP. Consequently, the same methodology can be applied to solve both problems.
According to the survey on the MDVRP provided by Montoya-Torres et al. (2015),
exact solution techniques are employed in 25% of reviewed papers on MDVRP.
Baldacci and Mingozzi (2009) develop an exact method for solving different classes
of VRP that is also capable of solving MDVRP. The algorithm is based on the
set-partitioning formulation and on dual heuristics. Firstly, the algorithm applies a
procedure to generate routes. Then, three bounding procedures based on the LP-
relaxation and Lagrangian relaxation of the formulation are applied to reduce the
number of variables. The reduced problem can be solved by an ILP solver. The
computational results show that the exact algorithm was able to improve the best-
known upper bound of some instances from the literature. They also improve the

lower bound for the main instances from the literature.

Bettinelli et al. (2011) present a branch-and-cut-and-price algorithm for opti-
mization of the multi-depot heterogeneous vehicle routing problem with time win-
dows. The method is allowed to use different combinations of cutting and pricing
strategies. When the scale of the instances makes the algorithm unable to find
provably optimal solutions, the algorithm can be used as a column generation-based

heuristic. Computational results show that these procedures are competitive and
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often better in comparison with local search heuristics from the literature.

Contardo and Martinelli (2014) formulate MDVRP through a vehicle-flow and
a set-partitioning formulation. Several families of valid inequalities are used to
strengthen both formulations. They present an exact algorithm for the MDVRP
in which the formulations are exploited at different stages. The algorithm includes
variable fixing, column-and-cut generation, and column enumeration. To find a
tight lower bound, they eliminate non-promising edges by using the flow-based for-
mulation. They solve the set partitioning formulation by using the reduced network
obtained through the variable fixing procedure. The exact algorithm is able to prove
optimality for some previously open instances. For the instances that the algorithm
is not able to solve, the terminal lower bounds prove stronger than those presented

by earlier state-of-the-art methods.

Rodriguez-Martin and Yaman (2022) explore PVRPDC, an extension of the
classic VRP where routes for several vehicles must be determined over a multi-day
horizon. Each customer has possible visit schedules and must always be visited by
the same vehicle. They studied a variant incorporating service time optimization,
aiming to maximize the utility of the service. They proposed a mixed-integer linear
programming formulation and three branch-and-cut methods, two based on Benders

reformulations, and reported computational results on diverse benchmark instances.

These advancements, particularly in metaheuristics and exact methods, have
significantly improved the ability to solve complex PVRP instances efficiently, with

ongoing research continuing to refine and extend these approaches.
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3. A Comparative Study of Alternative Formulations for the

Periodic Vehicle Routing Problem

3.1 Problem Definition and Formulation

The PVRP can be defined on a complete directed graph G = (N, A) with N =
{0,1,...,n} being the set of nodes, where node 0 represents the depot and the nodes
in the set N. ={1,...,n} correspond to the customers. The set of arcs is given by
A={(i,j) i, € N,i# j}. Each arc (4,7) is associated with a non-negative cost ¢;;.
Let T'={1,...,7} denote the set of time periods defining the planning horizon. A
fleet of homogeneous vehicles K ={1,...,x}, each having a capacity of @) units, is
available to serve the customers. Associated with every customer ¢ € N, is a demand
d; for each visit, and a predefined set of possible visit schedules P;. A given schedule
p € P; consists of the specific days on which the customer should be visited, i.e.,
p CT. The problem is to select a visit schedule for each customer and design the
vehicle routes in order to minimize the total routing cost. A feasible solution to
the PVRP involves 7 sets of vehicle routes that satisfy customer visit frequency and

demand constraints while respecting the vehicle capacities.

We discuss alternative formulation approaches for the PVRP to compare against
each other with respect to computational performance. Two of these formulations
are already studied: the load-based formulation (Archetti et al., 2017) and the cut-
based formulation (Rodriguez-Martin et al., 2019). In addition, we develop a for-
mulation of the problem using vehicle flow variables and the well known MTZ-SECs
(Miller et al., 1960). This formulation is referred as the MTZ-based formulation. All
three formulations are extended to the PVRPTW as well. We also present some valid

inequalities adapted from the literature to strengthen the proposed formulations.
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3.1.1 MTZ-based Formulation

We use the following decision variables in the MTZ-based formulation; w;;; is a
binary variable which is equal to 1 when arc (i,5) € A is traversed on day t € T', and
0 otherwise, s;;, is a binary variable which is equal to 1 if schedule p € P; is chosen
to visit customer ¢ € N, and 0 otherwise, y;; is binary variable which is equal to 1
if customer ¢ is visited at time period ¢, and 0 otherwise, and continuous variable

ujz which denotes load of the vehicle when it arrives at node i € N on day t € T..

Accordingly, the PVRP is formulated with the model M1 as

(3.1) minimize Z Zczjl‘ijt,

(i.j)€ALET
(3.2) subject to Y s =1 Vi € Ng,
pEPR;
(3.3) Z Sip = Yit Vi e N, VteT,
peP;:tep
(3.4) zize < 2 ; Yit Vije N VEET,
(3.5) > wojr <k VteT,
JEN.
(3.6) Z Tijt = Yit Vi e N, VteT,
JeN\{i}
(3.7) Z Tjit = Yit Vi e N, VteT,
JeN\{d}
(3.8) wjr < i — diyi + Q(1— xijt) Vi € N.,Vj € N,
vVteT,
(39) di <uit <Q Vie N, VteT,
(3.10) xije € {0,1} V(i,j) e AVteT,
(3.11) sip € {0,1} Vi € N.,Vp € P;,
(3.12) yir € {0,1} Vie N, VteT.

The objective function (3.1) minimizes the total routing cost. Constraints (3.2)
ensure that an allowable visit schedule is selected for each customer. Constraints
(3.3) relate the customer visit variables and the schedule selection variables. Con-
straints (3.4) guarantee that only those arcs connecting the customer pairs assigned
to the same day are used. Constraints (3.5) impose that the number of vehicles
that can be used on any day of the planning horizon cannot exceed the fleet size k.

Any customer to be served on a given day will be visited exactly once due to con-
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straints (3.6) and (3.7), which, together, imply vehicle flow conservation. Subtours
are prevented through constraints (3.8). Finally, vehicle capacity and demand satis-
faction constraints are given by (3.9). Constraints (3.10)—(3.12) specify the domain

restrictions on the variables.

The model M1 also allows the following family of valid inequalities inspired by the
valid inequalities originally developed for the capacitated vehicle routing problem

by Kara et al. (2004).

Inequalities I1. The inequalities
(3.13)wjt — uit + Quijr +(Q —dj — di)xjiy < Q —d; Vie N.,Vje N, NteT
are valid for the MTZ-based formulation.
Proof. The inequalities
(3.14) wjp < uip —di +Q(1—x45) Vi € N.,Vj € N, VteT

is the logical interpretation of constraints (3.8). Rearranging constraints (3.14)

yields

(3.15) wjr — Uit + Qi < Q —d; Vi e N, Vj e N, VteT.
Adding an extra term ;75 to the left-hand side as,

(3.16) Wit — Uit + Qi + it < Q — d; Vie N.,Vje N, VteT,

we seek the largest value of a4 such that (3.16) is valid. If rjiy = 0, then aj;; can

take any value. If zj;; =1, then x;;; = 0 and we obtain

(3.17) ajit < Q+ (uit —uje) —d; Vi e N.,Vje N, VteT.

Constraints (3.15) for xj; = 1 imply that

(3.18) (wit —ujt) < —d; Vie N, Vje N, VteT.

Then, we obtain (3.19) from (3.17) and (3.18)

(3.19) oy < Q4 (wip —ujr) —d; < Q—dj—d; Vi€ N.,Vj € N, VteT.
Finally, by substituting the largest value of o in (3.16), we get (3.13). ]
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Inequalities I2. Symmetry-Breaking of Routes: By exploiting the fact
that arc costs are symmetric, each route is associated with a cost regardless of its

orientation. we impose
(3.20) Tior < Zrﬁi Tort Vie N NVteT

to break the symmetry of the routes and choose the orientation that starts with the
customer with the lowest index among two possible orientations for a route. The

inequalities (3.20) are optimality cuts, but not valid inequalities.

Inequalities 13. Valid inequalities: The relation between variables z and y

is imposed by constraints (3.4)
wijp < POV e N, Vje N, VteT,

which state that no arc (i,7) can be used between two customers ¢ and j on a
particular day ¢ unless they are both scheduled for delivery on day t. Taking into
account that no arc will be traversed in both directions in the same time period, the

inequalities
3.21 T+ xig < LY i< i e N VEET,
j j 2

are valid for MTZ-based formulation.

3.1.2 Load-based Formulation

The load-based formulation proposed by Archetti et al. (2017) includes, in addi-
tion to the previously defined z, y, and s variables used in the MTZ-based formu-
lation, a set of continuous (commodity flow) variables [;j; representing the load of
the vehicle when traversing arc (7,7) € A in time period ¢ € T, and a set of integer
variables v; corresponding to the number of vehicles used in time period t € T. The

model L1 corresponding to the load-based formulation of the PVRP is as follows:
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(3.1) minimize Z Z CijTijt,

(1,5)€AteT
subject to (3.2) — (3.6),(3.10) — (3.12),
(3.22) Z Tijt = Z Zjit Vie N, VteT,
JeN\{i} JeN\{i}
(3.23) Yoo lji— Y L=
JEN\{i} JEN\{i}
—d;yit, L € Ne
diyit Z < VteT,
> jen. djyjt, =0
(3.24) > diyie < Quy VteT,
€N,
(3.25) lijt < Quyje V(i,j) € A, VteT,
(3.26) liji >0 V(i,j) € A, VteT,
(3.27) v € Ly VteT.

The objective function and constraints (3.1) to (3.6) and constraints (3.10) to
(3.12) are already discussed for M1. The vehicle flow and the commodity flow
conservation constraints are given by (3.22) and (3.23), respectively. Constraints
(3.24) guarantee that the total amount delivered within a given period does not
exceed the total capacity of the vehicles used in that time period. Constraints
(3.25) link the vehicle flow and the commodity flow variables. Constraints (3.26)

and (3.27) define the domains of the new variables.

Equality Ij. Sum of final loads: All vehicles come back to the depot without
carrying any load. This equality is not valid because there exist valid solutions to
the problem that do not adhere to this restriction. Instead, it is an optimality cut,
meaning that at least one optimal solution meets this condition. It can be utilized

to tighten the solution space.

(3.28) S 3 L =0

telT jeN.

Equality (3.28) are exploited in order to strengthen the Load-based formulation.
Optimality cuts (3.20) and valid inequalities (3.21) also can be considered for the
Load-based formulation. Valid inequalities (3.21) and optimality cuts (3.20) and
(3.28) are borrowed from Archetti et al. (2017).
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3.1.3 Directed Cut-based Formulation

The cut-based formulation presented here is the directed version of the model
proposed by Rodriguez-Martin et al. (2019) on an undirected graph, in which driver
consistency restrictions are relaxed and customers have arbitrary demands (different
than the unit demand assumption made by the authors). The newly defined and
modified variables used in the cut-based formulation are as follows; binary variable
T;ju which is equal to 1 if vehicle k& € K traverses arc (i,j) € A on day t € T, and
0 otherwise, binary variable z;; which is equal to 1 if vehicle k € K visits customer
1€ N.on day t € T, and 0 otherwise, and also binary variable vy, which takes value
1 if vehicle k € K is used on day t € T', and 0 otherwise.

For any subset S C N, we define 67(S) as the set of outgoing arcs, i.e., arcs
(1,j) with ¢ € S and j € N\ S, and 6~ (5) as the set of incoming arcs, i.e., arcs (i,7)
with € N\ S and j € S. The model DC1 corresponding to the directed cut-based

formulation is:

(3.29) minimize Y > Y cijTijik,

(i,j)eAteT ke K
subject to (3.2),(3.11),
(3.30) > sip=> zux Vi€ N, VteT,
peP;:te P keK
(3.31) Z Zitk di < Quyy, Vke K,VteT,
1€Ne
(3.32) Z Tijtk = Zitk Vie N, Vke KNteT,
JEN\{i}
(3.33) > @ik = Zitk Vi€ N.,Vk € K,VteT,
JEN\{i}
(3.34) Z Thmtk = Zitk VS C N¢,Vie S\Vk € K,
(h,m)€d(5)
VteT,
(3.35) Tijn € 10,1} Vi,je NNVke K NVteT,
(3.36) ziek € {0,1} Vie N.,Vke K.vteT,
(3.37) vy € {0,1} Vke K,VteT.

The objective function (3.29) minimizes the total routing cost. Since Y pef itk =
yit for all i € N, and t € T, constraints (3.30) and (3.32)—(3.33) are equivalent to
(3.3) and (3.6)—(3.7), respectively. Constraints (3.31) are the vehicle capacity re-

strictions. Constraints (3.34) prevent subtours. Variable domain restrictions are
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given by (3.35)—(3.37).

3.1.4 Undirected Cut-based Formulation

The periodic vehicle routing problem (PVRP) can be defined on a complete
undirected graph G = (N, E) with N ={0,1,...,n} being the set of nodes, where
node 0 represents the depot and the nodes in the set N. = {1,...,n} correspond
to the customers. The set of edges is given by E = {e C N : |e| =2}. Each edge
e is associated with a non-negative cost c.. Integer variable z. may take values
{0,1} W{i,7} € E\{{0,7} : j € N.} and values {0,1,2} V{0,5},j € N.. For any subset
SCN,let §(S)={ec E:|Sne|=1}. If S={i} , we write §(i) instead of §({i}).
In addition, for a given subset of edges E' C E, we define x4, (E") =3 .cpr Tet- The

model UCI corresponding to the undirected cut-based formulation is:

(3.38)
minimize Z Z Z CeZeth,
ecEteT keK
subject to  (3.2),(3.30),(3.31),(3.11),(3.36), (3.37),
(3.39) 2 (0(1)) = 2281, Vie NNVke K\vteT,
(3.40) 2 (0(S)) > 2z VSC N.,Vie SVke K,NVteT,
(3.41) Terr € {0,1} Ve e EN{{0,j}:j € N.},Vk € K,
vteT,
(3.42) 2ok € {0,1,2} v{0,j},j € N.,.Vke KNVteT.

The objective function (3.38) minimizes the total routing cost. Constraints (3.39)
are the degree constraints for the depot and the customers. Constraints (3.40)

prevent subtours. Variable domain restrictions are given by (3.41)—(3.42).

3.1.5 Extension to the PVRPTW

The PVRPTW is the extension of the PVRP in which each customer 7 must be

served within a specified time interval [E;, L;], called a time window. The vehicle
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must stop at the customer location for r; units of time for service. In the case of

early arrival at a customer, it must wait until £; when the time window opens.

3.1.5.1 MTZ-based PVRPTW Formulation

Let w;; be the start time of serving customer ¢ on day ¢t and M be a large
constant. We extend the MTZ-based PVRP model M1 to obtain a model M2 for
the PVRPTW as follows:

minimize (3.1),

subject to (3.2) — (3.12),
(3.43) wig + 1+ cij —wi < (L—x450) M Vie N,Vje N, VteT,
(3.44) Wi + 1+ cio— Lo < (1 —xh00) M Vie N, VteT,
(3.45) E;, <wy <L; Vie NVteT.

Constraints (3.43)-(3.45) guarantee the feasibility of the tours with respect to
time window restrictions. The large constant M may be equal to max; jc Aa{Li +
ri+cij — Ej}.

3.1.5.2 Load-based PVRPTW Formulation

Using the new variables, w;; as defined in the MTZ-based PVRPTW model and
the corresponding set of constraints (3.43)—(3.45), we extend the load-based PVRP

model L1 to the model L2 to account for time window constraints as follows:
minimize (3.1),

subject to  (3.2) — (3.6),(3.10) — (3.12),(3.22) — (3.27), (3.43) — (3.45).

For both M2 and L2, we adapt the following valid inequalities, well-known in
the literature without the multi-period planning horizon aspect, for the PVRPTW

without any proof.
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Inequalities 15. The constraints
(3.46) Eo+co; <wip < Lo—cip Vi e N, VteT,

are valid inequalities for models M2 and L2. It states that the initiation of service at
node ¢ € N, is within the range of the earliest possible departure time from the depot
plus the time it takes to travel from the depot to node i, and the latest allowable
arrival time of a vehicle at the depot minus the time it takes to travel from node i
to the depot.

3.1.5.3 Cut-based PVRPTW Formulation

We now define wj;;, as the service start time of customer ¢ with vehicle k£ on day
t. We extend the directed cut-based PVRP model DC1 to the model C2 for the
PVRPTW formulation as follows:

minimize (3.29),

subject to  (3.2),(3.11),(3.30) — (3.37),

(3.47) Witk + 75+ Cij — Witk < (1— xijtk)M Vie N,Vje N.,Vke KNteT,
(348) Wik + 13+ cio — Lo < (1—xi0tk)]\/[ Vi e N.,Vke K,VteT,
(3.49) Ei > wiji <wie < Li > T Vie NVke KVteT.

JEN jJEN

Constraints (3.47) to (3.49) guarantee the feasibility of the tours with respect to

time window restrictions.

3.2 Computational Experiments

We investigate the computational performance of the alternative formulations for
both the PVRP and the PVRPTW as well as the contribution of the proposed valid
inequalities. Our first set of experiments focuses on the comparison among the M'TZ-
based PVRP model (M1) and the load-based PVRP model (L1), in the presence and
absence of valid inequalities, and the undirected cut-based PVRP model (UC1). In
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the second set of experiments, we compare the MTZ-based PVRPTW formulation
(M2) and the load-based PVRPTW formulation (L2), in the presence and absence of
the presented valid inequalities, and the directed cut-based PVRPTW formulation
(C2). All computational experiments are carried out on a virtual machine with Intel
Xeon CPU E5-2640 processor with 2.60 GHz speed, 16 GB RAM, and 64-bit, using
Gurobi Optimizer 8.1.1 as the commercial solver with Python 3.7.4.

3.2.1 Benchmark Instances

One of the contributions of this study is to bring together all benchmark problem
instances in the literature; we have identified eight sets: five for the PVRP and three
for the PVRPTW. Their features are summarized below.

First data set (S1) The PVRP instances in S1 consists of 32 instances with up
to 417 customers and 7 € {2,4,5,6,7,8,10}; it is composed of instances originally
proposed by Christofides and Beasley (1984), Russell and Igo (1979), Russell and
Gribbin (1991), and Chao et al. (1995). Visit schedules of customers are symmetric,
i.e., allowable visit schedules for the customers with the same visit frequency are the
same. In some instances, the spatial distribution of nodes is random, and for the

rest, it is symmetric with respect to the origin.

Cordeau (1997) data set (S2) The PVRP instances in S2 consists of ten in-
stances with up to 288 customers and 7 € {4,6}; it is composed of randomly gen-
erated instances by Cordeau et al. (1997). Visit schedules of customers are also

symmetric.

Archetti (2017) data set (S3) The PVRP data set S3 is provided by Archetti
et al. (2017) which consists of 25 instances with 7 =5 and |N.| € {7,9,11,15,49}.
They generated the instances in a similar way to those used by Francis et al. (2006).

In these instances visit schedules of customers are also symmetric.

Archetti (2017) data set (S4) This set consists of 35 PVRP instances with

clustered customers in which 7 =5 and |N.| € {10,15,20}. Other parameters are: the

number of clusters p, a radius |r| € {0.15,0.30,0.50} which determines the coverage

area of each cluster, and  which is used in determining the minimum distance g x r

among the centers of the clusters. For |N.| = 10, the number of clusters has been

set to p =2, whereas for instances with |N.| € 15,20 has been set to p = 3. To avoid
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clusters overlapping the value of  has been set to 2 when |r| € {0.15,0.30}. For the
instances with || = 0.50,  has been set to 1 to allow that a customer can belong

to more than one cluster.

Rodriguez-Martin (2019) data set (S5) The PVRP instances in S5 are pro-
posed by Rodriguez-Martin et al. (2019), originally for the PVRP with driver con-
sistency. The data set consists of 80 combinations of n € N, k € K, and t € T where
|N.| € {10,20,...,70}, k € {2,3,4} and 7 € {2,3,4,5}. There are three instances for
each combination which results in 240 instances. The spatial distribution and visit
schedules of nodes are randomly generated. The nodes with the same visit fre-
quency have various options of visit schedules. Due to the violation of the capacity

constraints, some instances had to be modified by increasing the vehicle capacity.

Cordeau (2001) data set (S6) The PVRPTW instances in S6 are proposed
by Cordeau et al. (2001). This set of 20 instances was generated by adding time
windows of different widths to ten basic PVRP instances introduced by Cordeau
et al. (1997). The basic instances were created randomly by clustering the cus-
tomers around a given number of seed points and the visit schedules of cus-
tomers are symmetric. The new set consists of two groups of ten instances with
|N| €{48,72,96,144,192,216,240,288} and 7 € {4,6}. The first group has tight time
windows which are created by choosing the uniform random numbers F; and L; re-
spectively in the intervals [60,480] and [E;+ 90, E; + 180]. For the second group, wide
time windows are generated by using the intervals [60,300] and [E; + 180, E; + 360]
respectively for E; and L;. The depot is set to have a time window of [0,1000].

Pirkwieser (2009) data set (S7) The PVRPTW instances in S7 are proposed
by Pirkwieser and Raidl (2009a). They derive 45 PVRPTW instances from the
Solomon VRPTW data set by evenly assigning the possible visit combinations to
the customers at random. They use the first five instances of each of types with the
tight time windows, of random (R), clustered (C), and mixed random and clustered
(RC). They use three planning horizons: four (P4), six (P6), and eight (P8) days.
The distribution of nodes are identical for all instances within one type (i.e., R, C
and RC). The instances differ with respect to the time window density (i.e., the

percentage of customers with time windows).

Vidal (2013) data set (S8) PVRPTW instances in S8 are introduced by Vidal
et al. (2013). S8 consists of 28 instances involving 360 to 960 customers with 7 €
{4,6,12}. Due to the size of instances, they can only be attempted with heuristic

methods; we do not conduct any computational experiments on S8.
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3.2.2 Evaluation of Alternative PVRP Formulations

Data sets S1, S2, S3, S4 and S5 are used for the comparison among the MTZ-
based PVRP model (M1), the load-based PVRP model (L1), and the cut-based
PVRP model (UC1). Each instance in S1 and S2 is solved with M1, UC1, and L1
within a time limit of 14400 seconds, while for the less complex instances in S3, S4,
and S5, a time limit of 7200 seconds is imposed. We also include a variant of M1 by
replacing constraints (3.8) in M1 with valid inequalities (3.13); the resulting model
is called M1+4(3.13). Then, we add constraints (3.20) and (3.21) to M1+(3.13),
the resulting model is called M1+4(3.13, 3.20, 3.21). Model L1+4(3.20, 3.21, 3.28) is
obtained by adding valid inequalities (3.21) and optimality cuts (3.20) and (3.28) to
model L1.

The results for different data sets are shown in Tables 3.1, 3.2, 3.3, 3.5 and 3.7
where the first column shows the instance name. The second one is the best objective
function value obtained by the alternative models (Best OFV). The next six blocks
of five columns each correspond to models M1, L1, UC1, M1+4(3.13), M1+(3.13,
3.20, 3.21) and L1+(3.20, 3.21, 3.28), respectively. In these tables, for a given
model, OFV is the objective function value of the best solution obtained, A% shows
the percentage deviation of OFV from the Best OFV, Time reports the computing
time (in seconds), Root is the objective function value obtained at the root node
of the branch-and-bound tree, i.e., the root relaxation bound and LP is the LP-
relaxation objective function value obtained by lifting the integrality requirement
on the variables. “NA” means that no feasible solution could be identified by the
model within the given time limit for the instances in the corresponding rows. “T-
UP” shows that the time limit is reached before a solution is certified as optimal.
When the objective function value is typed in bold, it indicates the best (i.e., the
lowest) OFV for the instance.

If the same OFV is obtained by more than one model, only the one that is found
within a shorter amount of time is typed in bold. In the case that the same OFV is
obtained by more than one model and all models hit the time limit, all those OFVs
are typed in bold.

Table 3.1 reports the results with the alternative PVRP models for S1. It should
be noted that instances p06-N75p10m1 and p09-N100p8m1 respectively have a plan-
ning horizon of ten and eight days and instance p13-N417p7m9 consists of 417 cus-
tomers. Due to the size of these instances, we do not conduct any computational

experiments on them and Table 3.1 shows the results for the remaining 29 instances
in date set S1. According to Table 3.1, L1 and UC1 are able to find a feasible solu-
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Table 3.1 Results of the alternative PVRP models on data set S1

M1 L1 uct

Instance Best OFV - " " )

OFV A%  Time Root LP OFV A%  Time Root LP OFV A%  Time Root LP
p01 529.34 597.65 12.90 T-UP 379.32 379.32 529.34 0.00 T-UP 473.60 473.60 584.93 10.50 T-UP 422.18 422,18
p02 1356.68 1739.10 28.19 T-UP 881.64 881.64 NA _ T-Up 1105.03 1105.03 1763.07 29.95 T-UP 995.72 995.72
P03 567.83 NA TUP 37932 37932 72201 2715 T-UP  473.60  473.60  567.83 000 T-UP 42218 42218
P04 993.56 NA  _ T.UP 48549  485.49 NA  _ TUP 71407 71407 NA  _ TUP 38770  587.70
D05 2386.74 262332 9091 T-UP 112053  1120.53 NA  _ TUP 171967 1719.67 NA  _ TUP 133590  1355.90
p07 862.31 1328.65 54.08 T-UP 579.86 579.86 862.31 0.00 T-UP 736.28 736.28 NA _ T-UP 654.91 654.91
P08 237256 267438 1272 T-UP 130536  1305.36 268080 1337 T-UP 177607 177607 NA TUP 154762  1547.62
pl0 2143.79 NA _ T-UP 1071.50 1071.50 NA _T-UP 1421.17 1421.17 2567.88 19.78 T-UP 1234.37 1234.37
pll 96016 1030.45 632 T-UP  369.79  369.79 104207 752 T-UP  580.82  580.82 NA  _ TUP 42164  421.64
pl2 1666.23 NA _ T-UP 425.41 425.41 1666.23 0.00 T-UP 1011.44 1011.44 NA _ T-UP 692.43 692.43
pld 95481 95481 000 T-UP  GS7.12  G87.12 05481 0.00 2715 75550 75550  954.81 000 45231  736.86  736.86
pl5 1862.63 192018 3.00 T-UP 150732 150732 1862.63 000 T-UP 163406 163405  1862.63 000 T-UP 1576.77 1576.77
p16 287524 200467 415 T-UP 240156  2401.56 287524 0.00 T-UP 258016 258016 303316 549 T-UP 247522  2475.22
pl7 1660.75 1717.33 3.41 T-UP 958.24 958.24 1686.18 1.53 T-UP 1172.98 1172.98 1883.88 13.44 T-UP 1066.60 1066.60
pl8 3362.94 3439.34 2.27 T-UP 2155.36 2155.36 3362.94 0.00 T-UP 2485.30 2485.30 3754.15 11.63 T-UP 2275.76 2275.76
p19 4947.97 580468 1731 T-UP  3698.88  3698.88 NA TUP 414758 414758 NA TUP 382530  3825.30
P20 1161636 11616.36 000 T-UP 696624  6966.24 NA _ TUP 763193 763193 NA  _ TUP T098.68 7098.68
p21 223016 2432.83 865 T-UP 1140.96 1140.96  2230.16 0.00 T-UP 1610.14 1610.14 NA  _ TUP 132096  1320.96
p22 4720.18 5249.89 11.22 T-UP 2549.28 2549.28 NA _ T-UP 3226.86 3226.86 NA _ T-UP 2749.28 2749.28
p23 8894.41 8894.41 0.00 T-UP 4349.76 4349.76 NA T-UP 5212.10 5212.10 NA T-UP 4559.76 4559.76
p24 377296 3841.08 181 T-UP  2500.02  2500.02 38532 245 T-UP 335082 335082  3772.96 000 T-UP  3330.25  3330.25
25 386532 4067.12 522 T-UP  2500.02 2500.02  3865.32 0.00 T-UP 341242 3412.42 NA _ TUP 341071 341071
p26 3854.01 3854.01 0.00 T-UP 2500.02 2500.02 NA _ T-UP 3473.45 3473.45 4446.28 1537 T-UP 3471.17 3471.17
p27 24986.53 25336.74 1.40 T-UP 15000.00 15000.00 NA _ T-UP 18910.48 18910.48 NA _ T-UP 16765.71 16765.71
P28 2458647 24586.47 000 T-UP 15000.00 15000.00 NA TUP 1925251 1925251 NA T-UP 1688834 16888.34
P29 26268.73 26268.73 000 T-UP 15000.00 15000.00 NA  _ TUP 1965355 19653.56 NA  _ TUP 1702230 17022.30
p30  89597.65 93310.61 415 T-UP 5100198 5100198 10309146 15.06 T-UP G63082.68 63082.69 NA  _ T-UP 5388558 53885.38
p31 89208.36 92643.30 3.85 T-UP 51001.98 51001.98 NA _ T-UP 64208.87 64208.87 NA _ T-UP 54126.34 54126.34
p32 9163600 97286.12 617 T-UP 5100198 5100198 NA T-UP 6568402 6568402 NA T-UP 5437441 5437441
Table 3.1 Results of the alternative PVRP models on data set S1 (continued)
M1+(3.13) M1+(3.13, .20, 3.21) L1+(3.20, 3.21, 3.28)

Tnstance - Best OFV =000 Time Root LP OFV A% Time Root LP OFV A% Time  Root LP
p01 529.34 571.02 7.87 T-UP 379.36 379.36 549.00 3.71 T-UP 414.98 414.98 531.02 0.32 T-UP 491.52 491.52
p02 1356.68 1492.82  10.03 T-UP 890.03 890.03 1471.17 8.44 T-UP 996.91 917.57 1356.68 0.00 T-UP 1186.02 1122.49
p03 567.83 NA T-UP 379.36 379.36 NA T-UP 414.98 414.98 615.22 8.35 T-UP 491.52 491.52
P04 09356 993.56 000 T-UP 48553  485.53 NA  _ TUP 33653 53653 NA  _  TUP 74007 74007
p05 2386.74 2386.74 0.00 T-UP 1142.33 1142.33 2570.17 7.69 T-UP 1262.60 1194.61 NA o T-UP 1779.54 1749.83
p07 862.31 997.52 15.68 T-UP 579.90 579.90 982.16 13.90 T-UP 625.82 625.82 905.03 4.95 T-UP 762.08 762.08
P08 237256 2667.80 1245 T-UP  1310.69 1310.69 250671 9.45 T-UP 143364 135091 237256 0.00 T-UP 184066 1780.31
p10 214379  2227.31 390 T-UP 107277 107277 233141 875 T-UP 112000 112000 214379 0.00 T-UP 143935 143035
pll 96016 107230 10.65 T-UP  374.60  374.60  969.16 000 T-UP 43547 40343 106267 0.65 T-UP  627.98 59490
pl2 56 2111.87 26.75 T-UP 425.42 425.42 2009.17 20.58 T-UP 473.30 473.30 NA o T-UP 1017.42 1017.42
pld 95481 000 T-UP 68717  G687.17 950.00 045 T-UP 76256  703.72 05481 000 113155 82444 75550
pl5 1862.63 186456 0.0 T-UP 150737 150736 188452 1.1s T-UP 160408 1557.81  1862.63 000 T-UP 171155  1660.73
p16 287524 3030.15 530 T-UP 242350 242350 287952 015 T-UP 258573 2484.17  2875.24 0.00 T-UP 272521  2628.65
pl7 1660.75 1683.67 1.38 T-UP 958.34 958.34 1716.40 3.35 T-UP 1153.73 1038.29 1660.75 0.00 T-UP 1339.07 1193.23
pl8 3362.94 3550.72 5.58 T-UP 2155.57 2155.57 3436.80 220 T-UP 2312.74 2202.53 NA o T-UP 2597.02 2485.44
p19 194797 606136 2250 T-UP  3699.10 3699.10 560273 13.23 T-UP 380411 373227  4947.97 000 T-UP 420352 415094
p20 1161636 13708.61 18.01 T-UP  6097.27 6097.27  13867.90 19.38 T-UP 730351  7089.76 NA  _  TUP 788711 770429
p21 223016 249391 1138 T-UP  1140.96 1140.96 232510 3.84 T-UP 1496.63 133851 224298 0.4 T-UP 182025 165081
p22 4720.18 5583.01 18.28 T-UP 2549.28 2549.28 4917.75 419 T-UP 2887.88 2705.22 4720.18 0.00 T-UP 3437.99 3246.25
23 880441 003139 154 T-UP 4349.86 4349.86 940853 578 T-UP 462400 446868 NA TUP 537085 521245
p24 377296 379603 061 T-UP  2500.02 2500.02 378589 034 T-UP 269610 2696.10 382339 134 T-UP 348070 335082
25 386532 4087.05 574 T-UP 250002 250002 411011 633 T-UP 260610 269610  3865.41 0.00 T-UP 355016 341243
p26 3854.01 3969.50 3.00 T-UP 2500.02 2500.02 3867.50 0.35 T-UP 2696.10 2696.10 3865.41 0.30 T-UP 3610.63 3473.47
p27 2198653 24986.53 000 T-UP 15000.00 15000.00 2550588 244 T-UP 1617661 16176.61 2690350 7.67 T-UP 1967625 18910.43
P28 2438647  25067.67 562 T-UP 15000.00 15000.00 2598952 571 T-UP 16176.61 16176.61 2770611 12.69 T-UP 2000021 19252.46
P29 2626873 2630624 014 T-UP 15000.00 15000.00  27147.83 3.35 T-UP 16176.61 16176.61 NA  _  T-UP 2037521 19653.51
p30 89597.65 89597.65 0.00 T-UP 51001.98 51001.98 91480.02 2.10 T-UP 55385.94 55385.94 NA o T-UP 0 63147.63
p31 89208.36 89208.36 0.00 T-UP 51001.98 51001.98 93363.48 4.66 T-UP 55385.94 55385.94 NA o T-UP 0  64278.56
p32 9163600 91636.00 000 T-UP 5100198 5100198  97574.97 6.48 T-UP 55385.9 5338594 NA T.UP 0 65749.04

Table 3.2 Results of the alternative PVRP models on data set S2

M1 L1 uct
Instance Best OFV -
OFV A%  Time Root LP OFV A%  Time Root LP OFV A% Time Root LP

pr01-N48m2p4 2187.98 2413.49 10.31 T-UP 145145 1451.45 2200.36  0.57 T-UP 1628.18 1628.18 2189.27 0.06 T-UP 1529.24 1529.24
pr02-N96mdp4 4120.58 4336.09 523 T-UP 2255.79 2255.79 4298.07 4.31 T-UP 2770.16 2770.16 NA T-UP 2347.14 2347.14
prO3-N144mbpd  6165.23 623021 1.05 T-UP 303208 303208  6165.23 0.00 T-UP 4083.99 4083.99 NA  _ TUP 3380.02 3389.02
prOANIO2mSpd 766155 768884 0.6 T-UP 3377.91 3377.91 NA  _ T-UP 469353 4693.53 NA  _ T-UP 383642 3836.42
pr05-N240m10p4 NA NA _ T-UP 3525.92 3525.92 NA _ T-UP 5340.67 5340.67 NA _ T-UP 4065.58 4065.58
pr06-N288m12p4 10451.02 10451.02 0.00 T-UP 427534 4275.34 NA _ T-UP 6468.34 (468.34 NA _ T-UP 5147.57 5147.57
prO7-N72m3p6 505150  5750.27 1383 T-UP 330881 330881 542338 7.36 T-UP 388460 3884.69 NA T-UP 350443 3504.43
prOS-N144mbp6  9976.73 NA  _ T-UP 384202 3842.02 NA  _ TUP 5467.25 5467.25 NA  _ T-UP 441601 4416.01
prO9-N216mOp6  13646.28 1375584  0.80 T-UP 550217 5302.17 NA  _ T-UP 831547 831547 NA  _ T-UP 676480 G6764.80
prl0-N288m12p6 NA NA T-UP 6069.61 6069.61 NA T-UP 9965.74 9965.74 NA T-UP 7583.18 7583.18
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Table 3.2 Results of the alternative PVRP models on data set S2 (continued)

M1+(3.13) M1+(3.13, 3.20, 3.21) L1-+(3.20, 3.21, 3.28)
Instance Best OFV N
OFV A%  Time Root, LP OFV A%  Time Root LP OFV A%  Time Root LP
prO1-N48m2p4 2187.98  2448.74 11.92 T-UP 1544.35 1544.35 2480.00 13.35 T-UP 1729.31 1634.07 2187.98 0.00 T-UP  1828.41 1771.68
pr02-N96mdp4 4120.58  4189.39  1.67 T-UP 2707.14 2707.14 4261.60 3.42 T-UP 2958.04 2787.77 4120.58 0.00 T-UP  3350.05  3224.29
pr03-N144m6p4 6165.23  6890.63 11.77 T-UP 3149.51 3149.51 6520.53  5.76 T-UP 3654.97 3360.97 6386.52 3.59 T-UP  4442.56  4247.93
pr04-N192m8p4 7661.55 17661.55 0.00 T-UP 3636.17 3636.17 8500.16 10.95 T-UP 4120.77 3766.05 NA _ T-UP 5203.34  4947.27
pr05-N240m10p4 NA NA _ T-UP 3602.33 3602.33 NA _ T-UP 4154.72 3789.55 NA _ T-UP 5670.61 5446.26
pr06-N288m12p4 10451.02  10866.57  3.98 T-UP 4447.53 4447.53 10607.87  1.50 T-UP 5025.33 4631.96 NA T-UP  6908.12  6647.70
pr07-N72m3p6 5051.59  5580.80 10.48 T-UP 3440.25 3440.25 6434.33 27.37 T-UP 3837.12 3527.18 5051.59 0.00 T-UP  4236.39  3980.95
pr08-N144m6p6 9976.73 9976.73  0.00 T-UP 3919.68 3919.68 NA _ T-UP 452891 4111.79 NA _ T-UP 5927.56 5651.66
pr09-N216m9p6 13646.28 13827.72  1.33 T-UP 5687.37 5687.37 13646.28 0.00 T-UP 6440.76 5953.24 NA T-UP  8743.78  8501.65
pr10-N288m12p6 NA NA _ T-UP 6283.45 6283.45 NA _ T-UP T7158.28 6671.55 NA _ T-UP 10511.60 10234.41

tion respectively for 15 and 11 out of 29 instances. This number increases to 25, 28

and 27 for M1, M1+(3.13) and M1+(3.13, 3.20, 3.21), respectively.

o For two out of four instances (p03-N50p5m1l and pl12-N163p5m3) for which

a feasible solution cannot be found by M1, a feasible solution is found by L1
within the time limit. On the other hand, M1 attains a feasible solution for 12
instances that remained unsolvable by L1. Both M1 and L1 return no feasible
solution for two instances, namely p04-N75p2m5 and p10-N100p5m4. Among
the 13 instances solved by M1 and L1, M1 beats L1 in four instances, ties in

one and loses in eight with respect to solution quality.

The only instance solved to optimality by L1 and UCI is p14-N20p4m2, re-
spectively in 2715 and 452.31 seconds. Although M1 and M1+(3.13) reach
the same OFYV for this instance, they cannot prove its optimality within the
specified time limit. UC1 is not able to identify any feasible solution for 18
instances while it finds the best solution for four instances. UC1 finds a feasi-
ble solution for p03-N50p5m1 and p10-N100p5m4 which remained unsolvable
by M1.

M1+(3.13) is capable of improving the solution quality in 12 instances com-
pared to M1 by 6.14% on average, and six instances overall. Compared to
M1, M1+(3.13) does not produce better solutions for 12 instances; however,
the deviation of OFVs has an average of 4.21%. M1+(3.13) also returns a
feasible solution for three out of four instances for which M1 does not return
any feasible solution within the time limit. Hence, M1+(3.13), which uses the

stronger version of the SECs, seems more effective and robust than M1.

M1+(3.13, 3.20, 3.21) is capable of improving the solution quality in 13 in-
stances compared to M1 , and one instance overall. M1+4(3.13, 3.20, 3.21) also
returns a feasible solution for two out of four instances for which M1 does not

return any feasible solution within the time limit.

L1+(3.20, 3.21, 3.28) is capable of improving the solution quality in 4 instances

compared to L1 by 7.29% on average, and nine instances overall. L1+4(3.20,
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3.21, 3.28) also returns a feasible solution for seven instances which remained

unsolvable by L1.

o According to the results on data set S1, in terms of the quality of the root
relaxation bounds, models L1 and L1+4(3.20, 3.21, 3.28) yield significantly

better objective function values at the root node than other models.

Table 3.2 shows the results for data set S2. Accordingly, L1 and UC1 are able
to find a feasible solution respectively for four and one out of ten instances. This
number increases to seven and eight for M1 and M1+(3.13), respectively. M1 attains
a feasible solution for three instances that remained unsolvable by L1. Both M1 and
L1 return no feasible solution for three instances, namely pr05-N240p4m10, prO8-
N144p6m6 and pr10-N288p6m12. M1+(3.13) found a feasible solution for eight in-
stances including pr08-N144p6m6 which remained unsolved by other models. While
M1+(3.13) returned superior solutions in two instances, it does not produce the
best solutions for six instances with an average deviation of 6.85% of the best solu-
tion. While L1+(3.20, 3.21, 3.28) does not reach a feasible solution for unsolvable
instances by L1, it is capable of finding a best solution for three instances overall.
Generally, M1+(3.13) can be considered as the most reliable model among other
models with respect to instances also in S2 with 5.14% deviation from the best

OFV and finding a feasible solution for eight instances out of ten.

Table 3.3 Results of the alternative PVRP models on data set S3

M1 L1 UcC1
Instace Best OFV — —

OFV A% Time Root LP OFV A% Time Root LP OFV A% Time Root LP
Instn8t5k3__1-Q871 5.81  5.81 0.00 9.83 3.89 3.87 5.81 0.00 2.80 399 3.99 5.81 0.00 036  3.75 3.58
Instn8t5k3_2-Q705 5.81  5.81 0.00 512 4.04 4.01 5.81 0.00 2.69 416 4.16 5.81 0.00 042 3.75 3.74
Instn8t5k3_3-Q765 5.81  5.81 0.00 10.38  3.98 3.95 5.81 0.00 6.43  4.09 4.09 5.81 0.00 0.34 3.7 3.65
Instn8t5k3_4-Q496 6.32  6.32 0.00 2777 436 4.32 6.32  0.00 3.09 4.53 453 6.32  0.00 220 430 4.22
Instn10t5k3_1-Q1058 6.84 6.84 0.00 1023.98 3.24 3.15 6.84 0.00 11.30  4.41 441 6.84 0.00 4.66 3.22 321
Instn10t5k3_2-Q1045 6.84 6.84 0.00 47216 3.25 3.16 6.84 0.00 18.39 444 444 6.84 0.00 0.86 3.23 3.22
Instn10t5k3_3-Q1208 6.70  6.70 0.00 11816 3.09 3.04 6.70  0.00 545 415 415 6.70 0.00 0.51 3.12 3.12
Instn10t5k3_4-Q1037 6.84 6.84 0.00 609.86 3.26 3.17 6.84 0.00 9.76 445 445 6.84 0.00 0.83 3.23 323
Instn12t5k3  1-Q546 481 481 0.00 T-UP  3.05 3.05 481 0.00 1031.51 3.89  3.89 4.81 0.00 149.54 3.18 3.18
Instn12t5k3  2-Q802 448 448 0.00 504.88 3.05 3.05 4.48 0.00 31.31 353  3.53 448 0.00 11.65 3.14 3.14
Instn12t5k3 3-Q748 451 451 0.00 1528.81 3.05 3.05 4.51  0.00 88.05 3.58  3.58 451 0.00 2348 3.15 3.15
Instn12t5k3 4-Q925 442 442 0.00 13224 3.05 3.05 442 0.00 16.15 3.45 345 4.42  0.00 1.62 314 3.13
Instn12t5k3 5-Q1491 442 442 0.00 102.77 3.05 3.05 442 0.00 1270 330 3.30 4.42  0.00 1.61  3.14 3.10
Instn12t5k3_ 6-Q1521 4.42 442 0.00 267.38  3.05 3.05 442 0.00 19.01 3.29 3.29 4.42 0.00 1.61 3.14 3.10
Instn12t5k3_7-Q1399 4.42 442 0.00 136.03  3.05 3.05 442 0.00 12.28 3.32 3.32 4.42 0.00 1.62 3.14 3.10
Instn12t5k3_8-Q1146 4.42 442 0.00 125.52  3.05 3.05 442 0.00 13.29 3.37  3.37 4.42 0.00 1.64 314 3.11
Instn16t5k3_1-Q1056 5.62 5.66 0.71 T-UP  2.67 2.67 5.62 0.00 31052 329 3.29 5.62 0.00 1427 273 2.73
Instnl16t5k3_2-Q1030 5.65 5.67 0.35 T-UP 268 2.68 565 0.00 98550 3.32 3.32 5.65 0.00 181.66 2.74 2.74
Instnl16t5k3_3-Q1240 5.62 5.62 0.00 T-UP 265 2.65 562 0.00 414.80 3.16 3.16 5.62 0.00 1343 2.69 2.69
Instnl16t5k3_4-Q1232 5.62 5.64 0.36 T-UP 265 2.65 562 0.00 147.06 3.16 3.16 5.62 0.00 1119 269 2.69
Instn16t5k3_5-Q802 5.77  5.77 0.00 T-UP 272 272 5.77 0.00 42429 3.65 3.65 5.77 0.00 185.88 2.85 2.85
Instn16t5k3_6-Q757 5.77  5.77 0.00 T-UP 273 273 5.77 0.00 699.22 3.74 3.74 5.77 0.00 174.77 2.88 2.88
Instn16t5k3_7-Q851 576  5.77 0.17 T-UP 271 271 5.76 0.00 1254.57 3.56  3.56 5.76 0.00 639.33 2.82 282
Instn16t5k3_8-Q1027 5.65 5.67 0.35 T-UP  2.68 2.68 5.65 0.00 1096.99 3.32 3.32 5.65 0.00 142.01 2.74 2.74
Instn50t5k4-Q1111 14.44 15.53 7.55 T-UP 855 8.55 14.90 3.19 T-UP 11.10 11.10 NA _ T-UP 923 923

Table 3.3 shows the results for data set S3; Table 3.4 reports the number of
instances in S3 solved to optimality by the alternative PVRP models. The instances
are grouped based on the number of customers (|/V¢|) as given in the first column,
and the number of instances in each group is provided in the second column plus

the number of instances solved to optimality by alternative models. The next six
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Table 3.3 Results of the

alternative PVRP models on

data set S3 (continued)

MI1+(3.13) M1+(3.13, 3.20, 3.21) L1+(3.20, 3.21, 3.28)
Instace Best OFV N " N

OFV A% Time Root LP OFV A% Time Root LP OFV A% Time Root LP
Instn8t5k3_ 1-Q871 5.81 5.81 0.00 13.59  4.94 448 5.81 0.00 12.06 4.94 4.61 5.81 0.00 1.21 4.80  4.65
Instn8t5k3_2-Q705 5.81 5.81 0.00 23.73 494 448 5.81 0.00 848 494 4.61 5.81 0.00 0.99 483 471
Instn8t5k3_3-Q765 5.81 5.81  0.00 10.33  4.94 4.48 5.81  0.00 10.81  4.94 4.61 5.81 0.00 0.79 482 4.69
Instn8t5k3_4-Q496 6.32 6.32 0.00 106.38  4.97 4.48 6.32  0.00 38.59 497 4.61 6.32 0.00 0.71 5.05  5.00
Instn10t5k3_1-Q1058 6.84 6.84 0.00 2160.02 531 5.11 6.84  0.00 T-UP 531 5.20 6.84 0.00 596 6.01 593
Instn10t5k3_2-Q1045 6.84 6.84 0.00 2095.00 5.31 5.11 6.84  0.00 T-UP 531 5.20 6.84 0.00 546 6.02 595
Instn10t5k3_3-Q1208 6.70 6.70 0.00 433.42 531 5.11 6.70  0.00 526.61 5.31 5.20 6.70  0.00 1.50 5.88 5.79
Instn10t5k3_4-Q1037 6.84 6.84 0.00 940.22 531 5.11 6.84  0.00 T-UP 531 5.20 6.84 0.00 2.86 6.03 595
Instn12t5k3_ 1-Q546 4.81 4.81 0.00 T-UP 355 3.13 4.81 0.00 572148 3.55 3.48 4.81 0.00 40.83 4.12 412
Instn12t5k3_ 2-Q802 448 448 0.00 90.00 3.55 3.13 4.48  0.00 59.03 3.55 3.48 4.48 0.00 842 3.77 3.7
Instn12t5k3  3-Q748 451 451  0.00 203.07 355 3.13 451  0.00 137.03 3.55 3.48 4.51  0.00 794 381 381
Instn12t5k3_4-Q925 442 442 0.00 45.00 3.55 3.13 442 0.00 26.16  3.55 3.48 4.42  0.00 206 3.71 3.70
Instn12t5k3_5-Q1491 442 442 0.00 28.31 355 3.13 442 0.00 3441 355 348 4.42  0.00 213 3.61 3.60
Instn12t5k3_6-Q1521 442 442 0.00 18.67 3.55 3.13 442 0.00 31.05 3.55 348 4.42  0.00 353  3.61 3.60
Instn12t5k3  7-Q1399 442 442 0.00 19.66  3.55 3.13 442 0.00 41.19  3.55 348 4.42  0.00 328  3.62 3.61
Instn12t5k3_8-Q1146 442 442 0.00 3145 355 3.13 442 0.00 22.50 3.55 3.48 4.42  0.00 270  3.66 3.64
Instn16t5k3_1-Q1056 562 564 036 T-UP 390 3.34 568 107 T-UP 390 3.78 562 0.00 3436 437 418
Instn16t5k3_2-Q1030 5.65  5.71 1.06 T-UP 390 3.34 5.7 088 T-UP 390 3.78 5.65 0.00 186.19 4.39 4.20
Instn16t5k3_3-Q1240 5.62  5.62 0.00 T-UP 390 3.34 563 0.18 T-UP 390 3.78 562 0.00 31.16 427 4.07
Instn16tbk3_4-Q1232 5.62  5.62 0.00 T-UP 390 3.34 5.62  0.00 T-UP 390 3.78 562 0.00 31.73 4.28 4.07
Instn16t5k3_5-Q802 5.77  5.77  0.00 T-UP 390 3.34 5.77  0.00 T-UP 390 3.78 577 0.00 128.80 4.59 4.43
Instn16t5k3_6-Q757 5.77  5.77  0.00 T-UP 390 3.34 583 1.04 T-UP 390 3.78 5.77 0.00 16.45 4.65 4.50
Instn16t5k3_7-Q851 5.76  5.76  0.00 T-UP 390 3.34 577 017 T-UP 390 3.78 5.76 0.00 621.33 4.54 4.37
Instn16t5k3_8-Q1027 5.65 566 0.18 T-UP 390 3.34 567 0.35 T-UP 390 3.78 5.65 0.00 121.53 4.39 4.20
Instn50t5k4-Q1111 14.44 16.61 15.03 T-UP 8.66 8.66 16 10.80 T-UP 9.83 9.36 14.44 0.00 T-UP 11.61 11.31

Table 3.4 The number of instances in data set S3 solved to optimality by alterna-
tive models

Table 3.5 Results of the alternative

[N No Ml LI UCL MI+(3.13) MI1+(3.13,3.20, 3.21) L1+(3.20, 3.21, 3.28)
7 4/4 4/4 4/4  4/4 4/4 4/4 4/4
9 4/4 4/4 4/4 4/4 4/4 41 4/4
11 8/8 8/7 8/8 8/8 8/7 8/8 8/8
15 8/8 3/0 8/8 8/8 5/0 3/0 8/8
49 1/0 0/0 0/0 0/0 0/0 0/0 0/0

PVRP models on data set

54

M1 L1 uct
Instance Best OFV "0pyv A%  Time Root  LP OFV A% Time Root LP OFV A% Time Root LP
FPVRP_n10kit5_2 1302 1302 000 T-UP 756 176  13.02 000 3745 1015 1015 1302 000 T-UP 945 9.39
FPVRP_nl0kits_4 1500 1509 000 T-UP 778 380  15.09 000 2930 1119 1119 1509 000 T-UP 10.85 10.71
FPVRP_n10k5t5_1 inf 2728 19.05 4.54 inf 24264 17.08 17.08 inf 070 18.97 16.02
FPVRP_nl10k5t5_3 1379 1379 000 5060 9.69 336  13.79 0.00 613 1142 1142 1379 000 T-UP 995 7.85
FPVRP_n10kSt5_5 2607 2779 6.60 073 2387 376 2779 660 316 2365 2365 2779 660  3.30 2529 23.22
FPVRP_nl5k6t5_2 1982 19.82 000 T-UP 791 48  19.82 000 T-UP 1505 1505  19.82 000 T-UP 979 975
FPVRP_nl15k7t5_5 2566 25.66 000 T-UP 1439 449  25.66 000 T-UP 2081 2081  25.66 000 T-UP 1837 17.11

radius 15 FPVRP_nl15k8t5_4 3418 3418 000 T-UP 27.67 648 3418 000 530479 2746 27.46 3418 000 T-UP 2852 2522
FPVRP_nl15k10t5_1 3626 36.26 0.00 1160 33.36 10.83 3626 000 9003 3072 3072 3626 0.00 T-UP 3185 19.01
FPVRP_nl5k10t5_3 2806 2806 0.00 181 2538 480 2806 000 6561 2311 2311 2806 000 218541 2338 21.24
FPVRP_n20k10t5_1 2588 25.88 000 T-UP 1560 503 2588 000 T-UP 2181 218 2590 008 T-UP 1640 13.16
FPVRP_ n20k10t5_4 3955 39.57 0.05 T-UP 2462 624  39.55 000 T-UP 3110 3110 3957 005 T-UP 29.28 23.79
FPVRP_ n20k10t5_5 28.38 3155 1117 T-UP 1286 510 3150 1099 T-UP 2628 2628 3150 1099 T-UP 23.50 20.45
FPVRP_n20k11t5_3 2670 2670 0.00 T-UP 1747 553  26.70 000 T-UP 2095 2095  26.70 0.00 T-UP 1833 14.63
FPVRP_n20k12t5_2 3008 39.08 000 T-UP 30.88 699 3008 000 111464 3185 3185 3908 000 T-UP 3252 2287
FPVRP_ nl0k5t5 3 1558 1558 000 8942 1058 412 1558 000 2647 1184 1184 1558 000 T-UP 10.85 9.50
FPVRP_nl10k5t5_4 1506 1506 000 5952 1050 599  15.06 000 1136 1253 1253 1506 000 T-UP 1152 1112
FPVRP_n10k6t5_1 2015 2015 000 244 17.79 742 2015 000 2195 17.26 1726 2015 0.00 130165 1581 1253
FPVRP_nl0k6t5_2 1562 1562 000 064 1438 537 1562 000 3555 1214 1214 1562 000 4103 1287 11.30
FPVRP_nl0kSt5_5 2153 2153 0.00 038 2147 668 2153 000 1108 17.99 17.99 2153 0.00 2825 21.00 15.91
FPVRP_ nl15k6t5 5 2225 22.25 000 T-UP 1454 695  22.25 000 T-UP 1706 17.06  22.25 000 T-UP 1497 14.70
FPVRP_nl15k7t5_3 2017 2917 000 T-UP 2165 991 2017 000 T-UP 2376 2376 2917 000 T-UP 2499 21.01

radius 30 FPVRP_nl15k7ts_4 1827 1827 000 T-UP 1172 685 1827 000 T-UP 1488 1488 1827 000 T-UP 13.94 13.82
FPVRP_nl5k0t5_1 27.98 27.98 000 2744 2373 1180  27.98 000 18752 2512 2512  27.98 000 T-UP 2354 2154
FPVRP_n15kot5_2 32.80 32.89 0.00 1566 2084 717 3280 000 18269 2684 2684 3289 000 T-UP 28.90 22.72
FPVRP_ n20k10t5_1 3256 32.56 0.00 T-UP 23.65 1074 3256 000 T-UP 2586 2586 3258 006 T-UP 2496 19.54
FPVRP_n20k10t5_3 2862 28.62 0.00 T-UP 1634 806 28.62 000 T-UP 2272 2272  28.62 000 T-UP 21.07 1855
FPVRP_n20k12t5_2 3200 3344 450 44320 2771 1104 3344 450 124103 28.99 2809 3344 450 T-UP 20.65 26.32
FPVRP_n20k12t5_5 3724 37.24 000 2883 25.35 1227  37.24 000 2589.06 3080 30.80  37.24 000 T-UP 2745 25.01
FPVRP_n20k13t5_4 4622 4622 000 52544 3939 1172 4622 000 225942 38.32 3832 4622 000 T-UP 4125 3111
FPVRP_n20k7t5_3 2443 24.43 000 T-UP 17.26 1278  24.43 000 T-UP 2039 2039 2448 020 T-UP 1961 16.55
FPVRP_n20k10t5_2 3242 32.42 000 T-UP 2105 1217 3242 000 T-UP 2511 2511 3242 000 T-UP 2360 20.71

radius 50 FPVRP_n20k10t5_4 2793 27.93 000 T-UP 17.16 894 2802 032 T-UP 2131 2131 2795 007 T-UP 17.86 15.18
FPVRP_n20k11t5_5 3813 3813  0.00 379109 28.13 1320 3813 000 T-UP 3050 3050 3813 0.00 T-UP 29.20 26.24
FPVRP_ n20k14t5_1 3445 34.45 000 19046 27.76 10.64 3445 000 551898 20.84 2084 3445 000 T-UP 3057 27.21




Table 3.5 Results of the alternative PVRP models on data set S4 (continued)

M1-+(3.13) M1+(3.13, 3.20, 3.21) L1-+(3.20, 3.21, 3.28)
Instance Best OFV "GEV A%  Time Root LP OFV A%  Time Root LP OFV A% Time Root LP
FPVRP_nl0k4t5_2 13.02 1302 0.00 T-UP 791 178 1302 000 T-UP 7.99 241 1302 000 5858 1088 10.88
FPVRP_n10k4ts_4 1509 1500 000 T-UP 932 403 1509 000 T-UP 977 407 1500 000 103.08 1142 11.26
FPVRP_nl10k5t5_1 . iaf 524 2027 425 inf 580 2050 4.36 inf  _ 47.59 17.35 17.10
FPVRP_nl0K5t5_3 1379 1379 0.00 17.80 1051 341 1379 0.00 3187 1051 3.69 1379 000 644 1174 1166
FPVRP_nl0kSt5_5 2607 26.07 000 050 2426 199 2607 000 083 2540 236 2779 6.60 255 2371 23.68
FPVRP_nl5k6t5_2 1082 1983 0.05 T-UP 843 498  19.82 000 T-UP 887 518  19.82 000 T-UP 1551 1520
FPVRP_nl5k7ts_5 25.66 25.66 000 T-UP 1526 451 2567 004 T-UP 1526 496  25.66 000 T-UP 2118 20.89
radius 15 FPVRP_ nl5kst5 4 3418 3418 0.00 T-UP 27.77 465 3418 000 T-UP 27.77 495 3418 000 1698.33 27.73 27.49
FPVRP_nl5k10t5_1 3626 36.26 0.00 1227 3368 6.09  36.26 000 1586 3368 626 3626 000 10814 30.82 30.74
FPVRP_nl5k10t5_3 2806 28.06 000 153 2566 438 2806 000 238 2586 503 2806 000 59.25 2325 23.11
FPVRP_n20k10t5_1 2588 25.88 000 T-UP 17.17 508  25.88 000 T-UP 1876 545  25.88 0.00 T-UP 21.93 21.87
FPVRP_n20k10t5_4 39.55 39.57 0.05 T-UP 26.32 547  39.55 0.00 T-UP 27.24 583  39.55 000 T-UP 3151 3113
FPVRP_n20k10t5_5 2838 28.38 000 T-UP 1303 477  28.38 000 T-UP 1692 505 3150 1099 T-UP 2647 26.29
FPVRP_n20k11t5_3 2670 26.70 000 T-UP 1919 549  26.70 000 T-UP 1968 591  26.70 000 T-UP 2108 20.95
FPVRP_n20k12t5_2 3008 39.08 000 T-UP 3169 693 3908 000 T-UP 3252 731  39.08 0.00 853.30 3193 31.87
FPVRP_nl0k5t5_3 1558 1558 000 57.55 10.83 408 1558 000  50.06 10.85 566 1558  0.00 1204 1276
FPVRP_ nl0k5ts 4 1506 1506 0.00 5421 1097 632 1506 000 11504 1123 636 1506  0.00 1317 1317
FPVRP_n10k6t5_1 2015 2015 000 205 17.92 752 2015 000 244 1807 805 2015 0.0 1770 17.38
FPVRP_n10k6t5_2 1562 15.62 0.00 045 1438 526 1562 000 072 1438 555 1562  0.00 1239 1214
FPVRP_nl0kSt5_5 2153 2153 000 030 2147 542 2153 000 028 2153 596 2153  0.00 18.09 17.99
FPVRP_nl15k6t5_5 2225 22.25 0.00 T-UP 1525 7.39  22.25 000 T-UP 1525 813  22.25 0.00 1823 17.57
FPVRP_nl5k7t5_3 2017 2917 000 T-UP 2285 10.07  29.17 000 6985.89 23.03 1015 2917 000 T-UP 2383 23.81
radius 30 FPVRP_nl5k7t5_4 1827 1827 0.00 T-UP 1226 7.00 1827 000 T-UP 1226 7.57 1827 000 463870 1565 1527
FPVRP_nl5kt5_1 27.98 27.98 000 2425 2485 1072 27.95 000 2994 2530 1095  27.98 0.00 12855 2540 25.14
FPVRP_n15kot5_2 32.89 3289 0.00 1924 3026 677 3289 0.00 2060 3026 7.03 3289 000 26409 27.02 26.99
FPVRP_n20k10t5_1 32.56 32.56 0.00 T-UP 2393 1076  32.56 0.00 T-UP 2500 1111 32,56 000 T-UP 2621 26.14
FPVRP_n20k10t5_3 2862 28.62 000 T-UP 1900 843  28.62 000 T-UP 1904 922 2862 000 T-UP 2296 2276
FPVRP_n20k12t5_2 3200 3200 0.00 40466 2825 11.02  32.00 000 20864 2031 1130 3344 450 87614 29.06 28.99
FPVRP_n20k12t5_5 3724 37.24 000 37.64 2690 971  37.24 000 2575 27.96 997  37.24 0.00 280842 30.88 30.88
FPVRP_n20k13t5_4 4622 4622 000 16695 4042 948  46.22 000 5208 4231 1092 4622 000 3596.06 38.38 38.37
FPVRP_n20k7t5_3 2443 2456 053 T-UP 1743 1285  24.43 000 T-UP 1800 1350  24.43 000 T-UP 20.61 20.48
FPVRP_n20k10t5_2 3242 32.42 000 T-UP 2127 1233 3242 000 T-UP 2289 1316 3242 000 T-UP 2555 2533
radius 50 FPVRP_n20k10t5_4 27.93 27.93 000 T-UP 1822 955  27.93 000 T-UP 2035 1087  27.93 000 T-UP 2206 21.90
FPVRP_ n20k11t5 5 3813 3813 0.00 T-UP 2083 12908 3813 0.00 T-UP 3299 1374 3813 000 T-UP 3160 3113
FPVRP_ n20k14t5_1 3445 3445 000 26039 2975 10.27 3445 000 32802 3156 1060 3445 0.00 1946.27 29.84 29.84

columns indicate the number of instances solved to optimality and the number of
instances solved to optimality by proof by each model. For example, 8/7 for model
M1 means that M1 reach the optimal solution for eight instances. However, the

optimality is proven for seven instances out of eight.

According to the results presented in Table 3.3 and Table 3.4, L1, L1+(3.20,
3.21, 3.28) and UC1 find optimal solutions to all of the instances with up to 15
customers. Models M1 and M1+(3.13) solve the instances having up to nine cus-
tomers plus seven of the instances with 11 customers to proven optimality. M1,
M1+4(3.13) and M1+(3.13, 3.20, 3.21) fail to reach a proven optimal solution for in-
stances with 14 customers. The non-optimal solutions obtained with M1, M1+(3.13)
and M14(3.13, 3.20, 3.21) have respectively an average 1.58%, 4.15% and 2.07% de-
viation from the best OFV. The best OFV is gained by L1+(3.20, 3.21, 3.28) for
instance Instn50t5k4-Q1111. Table 3.3 suggests that M1, M1+(3.13) are more de-
manding than L1, L1+(3.20, 3.21, 3.28) and UC1 in terms of computation time.
Finally, it should also be noted that UC1 cannot return a feasible solution for the

instance with 49 customers within the time limit unlike the other models.

Table 3.5 and Table 3.6 show the results for data set S4. Table 3.6, similar
to Table 3.4 in format, shows the number of instances solved to optimality by the
alternative models. In this Table, instances are categorized with respect to radius.
The results show that eight and 12 instances are solved to proven optimality out of
each 15 instances categorized as radius 15 and 30 respectively. L1+4(3.20, 3.21, 3.28)
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finds the optimal solution for all of them while not being able to prove optimality
for one of them. Only two instances out of five instances with radius 50 are solved
to proven optimality by alternative models. Despite UC1 not being able to prove
optimality for both of them, M1 reaches the optimal solution with proof for both.
Except for instance FPVRP_nl10k5t5 1 which is infeasible due to the capacity

violation, all models reach the reported best OFV for most of the instances.

Table 3.6 The number of instances in data set S4 solved to optimality by alterna-
tive models

Radius  No M1 L1 UC1 M1+(3.13) M1+(3.13, 3.20, 3.21) L1+(3.20, 3.21, 3.28)

15 15/8  8/4  8/8 7/2 8/4 8/4 8/8
30 15/12 12/10 12/10 12/3  12/10 12/11 12/11
50 5/2 2/2 2/1 2/0 2/1 2/1 2/1

Table 3.7 shows the results for the first instance of each combination in the data
set S4. L1 and C1 both find optimal solutions to all of the instances with 10 and
20 customers despite C1 not being able to prove optimality for three of them. For
M1, M1+(3.13), M1+(3.13, 3.20, 3.21) and L1+(3.20, 3.21, 3.28) these numbers are

seven, seven, six and one, respectively.

Considering the solution quality, the results of the experiments on data set S4
(Table 3.7) suggest that L1 and L1+(3.20, 3.21, 3.28) outperforms the other models.
L1 and L1+(3.20, 3.21, 3.28) respectively solve to optimality 32 and 35 instances
out of 80 and attains feasible solutions for the remaining. Nevertheless, M1 is
able to identify an optimal solution for 12 and M1+4(3.13) and M1+(3.13, 3.20,
3.21) to 13 instances. M1 and M1+(3.13) prove the optimality of seven of those
instances and this number for M1+(3.13, 3.20, 3.21) is six. Models M1, M1+(3.13)
and M1+(3.13, 3.20, 3.21) produce a feasible solution for the remaining instances
except for one (test51-2-3-a-QQ110) in which M1+(3.13) hits the time limit without

returning a feasible solution.
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Table 3.7 Results of the alternative PVRP models on data set S5

M1 L1 uct

Instance Best OFV 000 A% Time  Root  LP OFV A% Time Root  LP OFV A% Time Root  LP
test11-2-2-a-Q51 62048 62048 000 235 47L71  470.70 62048 000 097 553.78 55378  620.48 000 0.8l 55652 53099
tost11-2-3--Q5 1 62048 62048 000 261 47L71 47070  620.48 0.00 094 55378  553.78 62048 000 143 53487  530.99
test11-3-2-a-Q51 83196 83496 000 34480 60829  GO7.75 83196 000 227 74L16 TALIG  834.96 000 126 72482 70L75
test11-3-3-a-Q51 83196 83196 000 407.51 60829 607.75  834.96 0.00 192 7AL16  TAL16 83196 000 679 70557 7T0L75
test11-4-2-0-Q51  1043.91 104391 000  90.14 74019 73860 104391 0.00 250 92040 92040  1043.91 0.00 093 88817 87492
tostll-4-3-a-Q51 104391 1043.91 000 13106 740.19 73860  1043.91 0.00 200 92040 92040 104391 000 247 92454 874.92
test11-5-2a-Q51  1083.97 1083.97 0.00 T-UP 72863 72491  1083.97 000  37.67 92818 028.18  1083.97 000  7.36 905.66 90491
test11-5-3--Q51  1083.97 1083.97 0.00 T-UP 72863 72491  1083.97 000 5553 92818 92818  1083.97 000 9638 906.65 904.91
test21-2-2--Q71 82898 82808 000 716135 623.00 62220 82898 0.00 192 7981 749.8 82898 000 302 73058 717.20
test21-2-3-a-Q71 82898 82808 000 T-UP 623.00 62220 82898 0.00 197 7984 749.8 82898 000 264 T7IT.20 TI7.20
test21-2-4--QT1 82808 82898 0.00 T-UP  623.00 62220  828.98 000 189 74984  749.84 82898 000 3497 71720 717.20
test21-3-20-Q71  1088.36 108836 0.00 T-UP 78174 78114 108836 000 1654 931.36 93136  1088.36 0.00 421 89280  870.80
test21-3-3-a-Q71  1088.36 100595 070 T-UP 78174 78114  1088.36 0.00 1973 9031.36 93136 108836 0.00 4205 S77.80  870.80
test21-3-4a-Q71  1088.36 100860 094 T-UP 78174 78114  1088.36 0.00 1381 93136 93136 108836 0.00 10885 S70.80  S870.80
tost21-4-2-0-Q71 125347 127842 199 T-UP 82844 827.78 125347 0.00 208.05 985.03 085.93  1253.47 000 7629 93532 93475
test21-4-3-a-Q71 125347 126264 073 T-UP 82844 827.78 125347 000 47611 985.93 98593 125347 0.00 32773 93532 93475
test21-4-4-a-Q71 125347 125001 0.44 T-UP 82844 827.78 125347 000 45624 985.03 98593 125347 0.00 T-UP 03475 93475
test21-5-20-Q71  1720.00 1779.87 294 T-UP 98477 98477 172000 0.0 234155 1268.65 126865  1729.00 0.00 1203.83 118511 1122.59
test215-3-a-Q71 172000 177425 262 T-UP 98477 98477  1720.00 0.00 4926.02 1268.65 126865 172000 0.00 T-UP 112250 1122.59
tost21-5-4-a-Q71  1729.00 1787.14 336 T-UP 98477 98477  1720.00 0.00 377219 126865 1268.65  1729.00 000 T-UP 112259 1122.59
test31-2-2-0-Q80 84163 87656 415 T-UP 55197  551.96 84163 000 12406 66577 665.77  841.63 000 1572 62002 61547
test31-2-3-a-Q64 01728 93417 184 T-UP 53387  553.85 917.28 000 T-UP 63030 917.28 000 1757.67 623.97  623.97
test31-2-d4-a-Q64 91180 91813 068 T-UP  533.87  553.85 911.80 000 T-UP 680.39 91189 000 T-UP 62397 623.97
test313-2a-Q80  1190.97 125521 539 T-UP 76586 76574  1190.97 000 496.63 03648  1190.97 000 7013 84847 84847
test313-3a-Q64 128554 131764 250 T-UP 76750 76731  1287.10 012 T-UP 100417 100417 128554 0.00 T-UP 877.07 877.07
test31-3-4-a-Q64  1287.10 130725 157 T-UP 76750 76731  1287.10 000 T-UP 100417 100417 128827 0.00 T-UP 877.07 877.07
test31-4-20-Q80  1625.85 170406 481 T-UP 98108 980.57  1625.85 0.00 181583 1250.23 125023 162585 0.00 T-UP 114477 1113.8
tost3l-4-3-a-Q64 174231 1879.50 7.87 T-UP 98557 98478 175321 0.63 T-UP 134856 1348.56  1742.31 000 T-UP 115233 1152.33
test3l--4a-Q64 174192 1853.06 6.38 T-UP 98557 98478  1750.24 048 T-UP 134856 134856 175270 0.62 T-UP 115233 1152.33
test31-5-2-0-Q80  1673.06 176189 531 T-UP 101346 101315 167628 019 T-UP 1208.85 120884  1673.06 0.00 T-UP 1110.70 1110.70
test315-3-a-Q64  1773.10 1808.14 198 T-UP 101551 101502  1780.12 040 T-UP 130145 130145 178061 0.42 T-UP 1147.22 1147.22
test315-4a-Q64  177L75 194278  9.65 T-UP 101551 1015.02  1777.24 031 T-UP 130145 130145 180047 213 T-UP 1147.22 1147.22
tostdl-2-2-0-Q180 87132 88641 173 T-UP  653.15  633.15 S$7132 000 35730 68L36 G836 §7132  0.00 14461 66979  639.95
testdl-2-3-a-Q150  880.32  896.95 0.86 T-UP  653.98 653.98 88032 0.00 22506 69480  694.80 88032 0.00 208848 66467 G664.67
tostdl-2-4-a-Q60  1073.75 115775 7.82 T-UP 66144 66132  1080.06 059 T-UP 851.96 851.06 108037 145 T-UP 73637 736.37
testd1-3-20-Q180  1185.19 119800 1.08 T-UP 95219 95216 118519 0.00 1137.67 98403 98403 118510 0.00 40895 05807 938.07
tostdl-3-3-0-Q150  1214.05 127448 498 T-UP  953.36 95331  1214.05 0.00 75425 99955 099.55  1214.05 000 T-UP 96478  964.78
testdl3-4a-Q60 148058 155855 4.63 T-UP 96385 96357 149345 026 T-UP 120036 120936 154321 3.60 T-UP 1067.04 1067.04

test41-4-2-a-Q180 1460.46 1514.93  3.73 T-UP  1104.28 1104.17 1460.46  0.00 962.98 1161.52 1161.52 1460.46  0.00 6396.19 1124.58 1124.58

test41-4-3-a-Q150 1476.33 1583.14  7.23 T-UP 110535 1105.18 1476.33  0.00 2835.68 1182.72 1182.72 1478.80  0.17 T-UP 1132.30 1132.30
test41-4-4-a-Q60 1750.77 1860.68  6.28 T-UP 1114.97 1113.98 1750.77  0.00 T-UP 1420.78 1420.78 1942.06 10.93 T-UP 1258.19 1258.19
test41-5-2-a-Q190 1921.38  2040.06  6.18 T-UP 1388.04 1387.97 1924.87  0.18 T-UP  1473.15 1473.15 1971.05  2.59 T-UP 1431.82 1431.82

st41-5-3-a-Q160 1952.17 2117.74  8.48 T-UP 1390.76 1390.66 1952.47  0.02 T-UP  1499.35 1499.35 2001.29  2.52 T-UP 1445.72 1445.72
test41-5-4-a-Q60 2468.46 2712.85  9.90 T-UP 1419.81 1419.06 2468.46  0.00 T-UP 1872.36 1872.36 NA _ T-UP 1614.43 1614.43
test51-2-2-a-Q190 1085.59 1148.34  5.78 T-UP  735.00  734.97 1085.59  0.00 1343.70  855.49  855.49 1085.59  0.00 2978.97  813.44  797.40

1-2-3-a-Q110 1217.06 1414.89 16.25 T-UP  740.65  740.54 1217.06  0.00 T-UP  984.51  984.51 1226.23  0.75 T-UP  884.28  884.28
test51-2-4-a-Q100 1248.60 1352.14  8.29 T-UP  741.98  741.86 1248.60  0.00 T-UP 1006.63 1006.63 1345.40  7.75 T-UP  882.75  882.75
test51-3-2-a-Q160 1677.65 1875.03 11.77 T-UP 1125.69 1125.68 1677.65  0.00 T-UP 1307.59 1307.59 1703.23  1.52 T-UP  1204.70 1202.87
test51-3-3-a-Q110 1804.88 2165.23 19.97 T-UP 1132.73 1132.72 1804.88  0.00 1437.71 1437.71 2086.25 15.59 T-UP 1252.03 1252.03
test51-3-4-a-Q100 1888.78 1990.94  5.41 T-UP 1134.98 1134.97 1888.78  0.00 1483.59  1483.59 2176.38 15.23 T-UP 1272.46 1272.46
test51-4-2-a-Q160 1936.78  2226.11 14.94 T-UP 1251.36 1251.35 1943.83  0.36 1450.85  1450.85 1954.72  0.93 T-UP 1360.80 1360.80
test51-4-3-a-Q120 2020.04 2384.30 18.03 T-UP 1253.06 1253.05 202829  0.41 1544.90  1544.90 2153.69  6.62 T-UP 1405.81 1405.81
test51-4-4-a-Q100 212849 2413.85 13.41 T-UP  1254.42 1254.40 2184.53  2.63 1633.10 1633.09 2464.00 15.76 T-UP  1444.24 1444.24
test51-5-2-a-Q200 2401.49 2647.04 10.22 T-UP 1501.01 1501.01 241555  0.59 1715.89  1715.89 2540.61  5.79 T-UP 1622.14 1622.14
test51-5-3-a-Q190 2425.05 2655.09  9.49 T-UP 1501.52 1501.52 2460.19  1.45 1732.38 1732.38 NA T-UP 1629.43 1629.43
test51-5-4-a-Q170 2469.66 2756.79 11.63 T-UP  1502.72 1502.72 2470.63  0.04 1771.96 1771.96 2917.50 18.13 T-UP 1651.51 1651.51
test61-2-2-a-Q180 1168.95 1374.12 17.55 T-UP  902.62  902.62 117540 0.55 974.33  974.33 1168.95 0.00 5037.86  933.13  931.05

test61-2-3-a-Q120 1267.71 1718.50 35.56 T-UP 90529  905.28 1269.04  0.10 1041.40 1041.40 1383.84  9.16 T-UP  954.83  954.83
test61-2-4-a-Q97 1323.03  1646.27 24.43 T-UP  907.18  907.18 1323.03  0.00 1095.56  1095.56 1662.45 25.65 T-UP  973.97  973.97
test61-3-2-a-Q190 1741.95 2095.39  20.29 T-UP 1270.74 1270.72 1741.95 0.00 1388.80 1388.80 1796.95  3.16 T-UP 1312.51 1307.85
test61-3-3-a-Q150 1790.93 2113.95 18.04 T-UP  1273.53 1273.49 1795.87  0.28 1444.52  1444.52 1911.15  6.71 T-UP 1328.07 1328.07
test61-3-4-a-Q97 1999.44  2398.03 19.94 T-UP 1280.75 1280.66 3015.23  50.80 1617.87 1617.87 2388.40 19.45 T-UP  1409.43 1409.43
test61-4-2-a-Q180 2200.08 2956.72 34.39 T-UP 1537.08 1537.03 2231.16  1.41 1710.10  1710.10 2340.70  6.39 T-UP 1626.38 1615.36
test61-4-3-a-Q150 2319.59 2855.08 23.09 T-UP 1539.75 1539.68 2319.59  0.00 T-UP 1766.04 1766.03 NA T-UP 1634.97 1634.97
test61-4-4-a-Q97 2507.13  3064.86 22.25 T-UP 1548.50 1548.34 2529.01  0.87 T-UP 197449 1974.49 NA - T-UP 1708.33 1708.33
test61-5-2-a-Q180 2450.39 3374.70 37.72 T-UP 1914.11 1914.07 2494.84 181 T-UP  2040.39 2040.39 2490.96  1.66 T-UP  1943.99 1936.91

5-3-a-Q150 3360.93 33.72 T-UP 1916.00 1915.94 2546.63  1.32 T-UP  2094.16 2094.16 4804.95 91.18 T-UP 1957.19 1957.19
test61-5-4-a-Q97 3682.97 29.58 T-UP 192219 1922.05 2842.33  0.00 T-UP  2300.71 2300.71 NA T-UP  2055.85 2055.85
test71-2-2-a-Q200 1243.98 1376.58 10.66 T-UP 93513  935.13 1243.98  0.00 1781.23 1022.89 1022.89 1243.98  0.00 1336.43 95823  955.63
test71-2-3-a-Q150 1326.69 1420.85  7.10 T-UP  937.38  937.38 1333.43  0.51 T-UP 1071.03 1071.03 1351.36  1.86 T-UP  974.02  974.02

test71-2-4-a-Q120 1395.07 1727.76  23.85 T-UP  939.63  939.62 1395.07  0.00 T-UP 1125.70 1125.70 1583.92  13.54 T-UP 99450  994.50
test71-3-2-a-Q200 1641.94 1716.65  4.55 T-UP 1153.30 1153.25 1641.94  0.00 3735.14 1299.03 1299.03 1664.46  1.37 T-UP 1220.41 1206.69

test71-3-3-a-Q150 1733.11  2086.44 20.39 T-UP  1155.99 1155.92 1733.11  0.00 T-UP 1361.35 1361.35 NA T-UP 1231.63 1231.63
test71-3-4-a-Q120 1790.09 2328.41 30.07 T-UP 1158.69 1158.57 1790.09  0.00 T-UP 1432.07 1432.07 NA _ T-UP 1260.21 1260.21
test71-4-2-a-Q200 2167.52 2480.62 14.45 T-UP  1499.30 1499.27 2188.79  0.98 T-UP 1656.74 1656.74 2386.41 10.10 T-UP  1553.00 1541.67
test71-4-3-a-Q150 2211.85 3149.34 42.38 T-UP 1502.55 1502.50 2268.86  2.58 T-UP 1740.15 1740.15 NA _ T-UP 1579.03 1579.03
test71-4-4-a-Q120 2322.54 3011.96 29.68 T-UP  1505.81 1505.73 2349.10 1.14 T-UP 1830.92 1830.92 NA T-UP 1632.71 1632.71
test71-5-2-a-Q200 3009.01  3937.49  30.86 T-UP  2094.35 2094.34 3009.01  0.00 T-UP 2276.81 2276.81 4513.85 50.01 T-UP 2148.82 2148.82
test71-5-3-a-Q150 2919.21 3322.29 13.81 T-UP  2094.54 2094.53 2919.21  0.00 T-UP 2283.52 2283.52 NA _ T-UP 2151.94 2151.94
test71-5-4-a-Q120 3240.84  4232.61 30.60 T-UP  2099.29 2099.26 3240.84  0.00 T-UP 2503.94 2503.94 NA _ T-UP 223517 2235.17
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Table 3.7 Results of the alternative PVRP models on data set S5 (continued)

M1+(3.13)

M1+(3.13, 3.20, 3.21)

L1+4(3.20, 3.21, 3.28)

Instance Best OFV "0pv A%  Time  Root  LP OFV A% Time Root  LP OFV A% Time Root  LP
test11-2-2-a-Q51 62048 62048 000 1451 52404 50574 62048 0.00 1056 52404 512.85 62048 0.00 164 57968 533.78
tost11-2-3--Q5 1 62048 62048 000 2062 52404 50574 62048 000 853 52404 51285 62048 000 167 57968 533.78
test11-3-2-a-Q51 83196 83496 000 171631 676.66 63931 83496 0.00 T740.97 G676.66  665.28 83496 0.00 385 75651 T4L16
tost11-3-3-0-Q51 83196 83496 000 1177.91 676.66 63931 83196 0.00 61258 G676.66  665.28 83496 0.00 359 75651 74116
test11-4-2-a-Q51  1043.91 104391 000 33402 899.02 SO07.76 104391 0.00 10527 899.02 85244 104391 000 380 908619  920.40
tostll-4-3-a-Q51 104391 1043.91 0.00 33102 899.02 S07.76  1043.91 0.00 319.56 899.02 85244 104391 0.00 267 986.19  920.40
test11-5-2a-Q51  1083.97 1083.97 000 T-UP 89351 76279  1083.97 000 T-UP 89351 80621  1083.97 000 912 98454 928.18
test11-5-3--Q51  1083.97 1083.97 0.00 T-UP 89351 76279 108412 0.01 T-UP 89351 806.21  1083.97 0.00  9.55 98454 92818
test21-2-2-0-Q71 82898 82808 000 T-UP 70892 60831 82898 000 T-UP 70892 705.91 82808 0.00 319 79381 749.8
test21-2-3-a-Q71 82898 82808 000 T-UP 70892 69834 82898 000 T-UP 70892 705.91 82898 0.00  3.00 79381 749.84
test21-2-4--QT1 82898 82898 000 4400.60 856.15 69834 82898 000 T-UP 85615  705.91 82808 000 205 79381 749.84
test21-3-20-Q71  1088.36 108836 000 T-UP 856.15 84016  1095.95 0.0 T-UP 856.15 85023 108836 0.00  16.95 979.25 931.36
test21-3-3-a-Q71  1088.36 108836 0.00 T-UP 856.15 84016  1088.36 0.00 T-UP 856.15 85023 108836 0.00 2638 079.25  931.36
test213-4a-Q71  1088.36 100879 096 T-UP  856.15 84016  1088.36 0.00 T-UP 856.15 85023 108836 0.00  30.92 079.25 93136
tost21-4-2-0-Q71 125347 1259.01 044 T-UP 98163 90580  1260.97 0.60 T-UP 98163 96540 125347 0.00 297.20 1086.28 985.93
test21-4-3-0-Q71 125347 125630 023 T-UP 98163 90580  1260.17 053 T-UP 981.63 96540  1253.47 000 200.70 108628  985.93
test21-4-4-a-Q71 125347 125001 044 T-UP 08163 905.80  1260.97 0.60 T-UP 98163 96540  1253.47 0.00 199.83 108628 985.93
test21-5-20-Q71  1720.00 175032 175  T-UP 110054 110054 175679 161 T-UP 124250 116621 172000 0.00 T-UP 144547 1268.65
test215-3-a-Q71 172000 176956 235 T-UP 110054 110054 175872 172 T-UP 124250 116621 172000 0.00 556317 144547 1268.65
tost21-54-a-Q71  1729.00 176637 216 T-UP 1100.54 110054  1744.60 090 T-UP 124250 116621 172000 0.00 4525.73 1445.47 1268.65
test31-2-2-0-Q80 84163 84576 049 T-UP 59758 50758  880.00 456 T-UP 64421 617.22 84163 0.00 2081 74594  665.77
test31-2-3-a-Q64 01728 942.37 274 T-UP 50758 50758 92877 125 T-UP 64421 617.22 01728 0.00 T-UP 77260 689.30
test31-2-4-a-Q64 91180 94438 358 T-UP 50758 50758  OIL89  0.00 T-UP 64421 61722 911.89 0.00 342320 77260  689.39
test313-2a-Q80  1190.97 1207.17 136 T-UP 82670 82670 126181 595 T-UP 857.09 836.66  1190.97 000 267.60 101177  936.48
test313-3-a-Q64 128554 1319.19 262 T-UP 82670 82670  1303.86 143 T-UP 857.00 836.66  1285.54 000 T-UP 107106 1004.17
test313-4-a-Q64  1287.10 132077 262 T-UP 82670 82670 134445 446 T-UP 857.00 836.66  1287.10 0.00 T-UP 1071.06 1004.17
test31-4-2-0-Q80  1625.85 1600.84 400 T-UP 104937 104937 172427 605 T-UP 1167.62 110180  1625.85 0.00 846.62 1355.32 1250.23
tost3l-4-3-a-Q64 174231 180126 338  T-UP 1049.37 104937 180551 3.63 T-UP 1167.62 110180 175270 0.60 T-UP 1436.87 1348.56
test3l-d-4a-Q64 174192 1857.93 6.66 T-UP 104937 104937 179920 329 T-UP 1167.62 110180  1741.92 000 T-UP 1436.87 1348.56
test31-5-2-0-Q80  1673.06 174716 443 T-UP 107518 107518 177474 608 T-UP 117013 1130.20  1673.06 0.00 T-UP 132867 1208.84
test315-3-a-Q64  1773.10 182327 2.83 T-UP 1075.18 107518 182694 3.04 T-UP 1170.13 113020  1773.10 000 T-UP 1413.16 130145
test315-4a-Q64 177175 182225 285 T-UP 1075.18 107518 185350 461 T-UP 1170.13 113020 177175 000 T-UP 1413.16 130145
tostdl-2-2-0-Q180 87132  883.07 135 T-UP 735.14 73514  877.82 075 T-UP 77402 75649 87132 000 11472 78747 68L36
testdl-2-3-a-Q150  880.32 89382 051 T-UP 735.14 73514  880.32 000 T-UP 77402 75649  889.32 000 7019 79641  694.89
testd1-2-4-a-Q60  1073.75 112117 442 T-UP  735.14 73514  1130.82 532 T-UP 77402 75649  1073.75 000 T-UP 03240 851.96
testd1-3-20-Q180  1185.19 119356 071  T-UP 103093 1030.93 118519 0.00 T-UP 100410 1052.66  1185.19 0.00 27255 110825 984.03
tostdl-3-3-0-Q150  1214.05 1247.92 279  T-UP 1030.93 1030.93  1262.03 3.95 T-UP 109419 1052.66 121405 0.00 98041 1117.85 999.55
testdl3-4a-Q60 148038 157570 578  T-UP 103093 1030.93 152096 271 T-UP 109419 1052.66  1489.58 000 T-UP 1303.64 1209.36
tostd1-4-2-0-Q180 146046 148647 178 T-UP 1217.35 1217.35 147258 0.83 T-UP 131564 126652  1460.46 0.00 3241.75 133538 116152
testd1-4-3-a-Q150  1476.33 154026 433 T-UP 121735 1217.35 155049 502 T-UP 131564 126652  1476.33 0.00 180466 1345.73 1182.72
tostdl-4-4-a-Q60  1750.77 1869.94 681 T-UP 1217.35 1217.35  1840.26 5.1 T-UP 131564 126652 175293 012 T-UP 1541.98 1420.78
tostdl-5-2-0-Q190 192138 194652 131  T-UP 1586.09 158600 199139 3.64 T-UP 168868 163051  1921.38 0.00 139648 1711.70 1473.15
st41-5-3--Q160  1952.17 196033 042 T-UP 1586.00 1586.00  2079.13 650 T-UP 1688.68 1630.51 195217 0.00 4425.48 1727.72 1499.35
testdl-5-4-a-Q60  2468.46 277025 1223  T-UP 1586.00 1586.00  2585.36 474 T-UP 1688.68 163051 248100 051 T-UP 2057.81 1872.36
test51-2-20-Q190  1085.59 110005 1.33 T-UP 81504 81504 112014 318 T-UP 870.02 83068 108559 0.00 730.901 053.64 855.49
test51-2-3-0-Q110  1217.06  NA T-UP 81504 81504 130245 7.02 T-UP 87002 839.68  1217.06 0.00 T-UP 1069.25 98451
test51-2-40-Q100  1248.60 1336.75 7.06 T-UP 81504 81504  1280.01 252 T-UP 870.02 83068  1248.60 000 T-UP 1088.11 1006.63
test51-3-20-Q160  1677.65 1887.24 1249  T-UP 127865 1278.65 172808 3.01 T-UP 134148 131188 169262 089 T-UP 1483.78 1307.50
test51-3-3-a-Q110  1804.88 200240 1094 T-UP 127865 1278.65  1820.33 086 T-UP 134148 131188  1809.87 028 T-UP 150524 1437.71
test5l-3-4-a-Q100  1888.78 1977.61 470 T-UP 1278.65 1278.65  1955.59 3.54 T-UP 134148 131188  1897.03 0.44 T-UP 1635.83 1483.50
test51-4-20-Q160  1936.78 2064.00 6.57 T-UP 132066 132066  1980.37 225 T-UP 155895 144024  1936.78 000 T-UP 167139 1450.85
tost51-4-3-0-Q120 202004 215020 644 T-UP 132066 1320.66 210400 4.16 T-UP 155895 1440.24  2020.04 0.00 T-UP 1751.17 154490
test51-4-4-a-Q100 212849 2202.63 7.71  T-UP 1320.66 1320.66 230636 836 T-UP 155805 144024  2128.49 000 T-UP 1825.96 1633.00
test51-5-20-Q200 240149 2479.14  3.23  T-UP 1683.66 1683.66  2559.94 6.60 T-UP 1819.04 174764  2401.49 000 T-UP 109647 1715.89
tost51-5-3-0-Q190  2425.05 2647.58 9.8  T-UP 1683.66 1683.66  2511.43 3.56 T-UP 1849.94 1747.64  2425.05 0.00 T-UP 2000.72 1732.38
test51-5-4-a-Q170  2469.66 2575.71 420 T-UP 1683.66 1683.66  2575.42 4.28 T-UP 184994 1747.64  2460.66 0.00 T-UP 2041.60 177196
test61-2-2-0-Q180  1168.95 122001 514 T-UP  965.14 96514  1281.99 .67 T-UP 1020.00 99658 116896 000 T-UP 1075.91 974.33
test61-2-3-a-Q120  1267.71 137880 876 T-UP  965.14 96514  1317.96 396 T-UP 1020.00 99658  1267.71 000 T-UP 1130.30 1041.40
tost61-2-4-0-Q07  1323.03 1393.00 520 T-UP  965.14 96514  1420.12 7.3 T-UP 102000 99658 134650 177 T-UP 1179.07 1095.56
test61-3-20-Q190 174195 178149 227 T-UP 140610 140610  1782.64 234 T-UP 1473.94 143596  1787.27 2.60 T-UP 1550.28 1388.80

3.a-QI50  1790.93 19290.96 7.76  T-UP 140610 140610  1880.92 553 T-UP 1473.94 143596  1790.93 000 T-UP 1611.55 1444.52
4a-QT 199944 217947 900 T-UP 140610 140610 229533 1480 T-UP 1473.04 143596  1999.44 000 T-UP 176510 1617.87
tost6l-4-2-0-Q180  2200.08 2298.84 449 T-UP 1687.55 1687.55 246320 1196 T-UP 179433 174257  2200.08 0.00 T-UP 1896.55 1710.10
test61-4-3-a-Q150  2310.59 230452 3.23 T-UP 168755 1687.55  2446.83 549 T-UP 179433 174257 232857 039 T-UP 194476 1766.03
test61-4-4-a-Q07  2507.13 276781 1040 T-UP 1687.55 1687.55 265843 6.03 T-UP 179433 174257  2507.13 0.00 T-UP 212800 1974.49
test61-5-2-0-Q180  2450.30 261946 690 T-UP 201971 2019.71  2553.63 421 T-UP 2131.95 205892  2450.39 000 T-UP 222880 2040.39

5-3-a-Q150 5 250859 330 T-UP 201071 2019.71 271455 800 T-UP 2131.95 205892  2513.36 0.00 T-UP 2275.74 2004.16
test61-5-4-a-QO7 306236 774 T-UP 201971 201971 312105 981 T-UP 213195 205892 285406 041 T-UP 2449.01 2300.71
test71-2-2-a-Q200 1281.00 298 T-UP 1039.73 103973 125407 081 T-UP 1107.44 1072.65  1243.98 0.00 12848 117563 1022.80
test71-2-3-a-Q150 1387.80 461 T-UP 1030.73 103973  1377.74 3.85 T-UP 1107.44 1072.65  1326.69 0.00 616358 121143 1071.03
test71-2-4a-Q120  1395.07 154424 10.60 T-UP 1039.73 1030.73 149661 7.28 T-UP 1107.44 107265 142180 192 T-UP 1257.82 1125.70
test71-3-2-0-Q200 164194 173856 588  T-UP 1283.98 1283.98 170257 3.69 T-UP 1397.68 132636  1641.94 000 142856 1491.67 1299.03
test713-3a-Q150  1733.11 1820.00 553 T-UP 128398 1283.98 184515 646 T-UP 139768 132636 174510 069 T-UP 154159 1361.35
test71-3-4-a-Q120  1790.00 200033 1174 T-UP 128398 1283.98 196117 9.56 T-UP 1397.68 132636  1817.04 156 T-UP 1602.65 1432.07
testT1-4-2-0-Q200  2167.52 2204.96 588 T-UP 168677 168677 253114 1678 T-UP 181831 176136  2167.52 000 T-UP 1022.11 1656.74
testT1-4-3-a-Q150  2211.85 247441 1187 T-UP 1686.77 168677 260537 17.79 T-UP 181831 176136  2211.85 000 T-UP 109520 1740.15
tostTl-4-4-0-Q120 232254 2679.90 1530 T-UP 1686.77 1686.77  2568.38 1058 T-UP 181831 176136  2322.54 000 T-UP 208L.11 1830.92
test71-5-2--Q200 300001 326511 851 T-UP 222574 2225.74  3495.66 1617 T-UP 237738 231738  3025.68 055 T-UP 2537.06 2276.81
test715-3-a-Q150  2010.21 328253 1245 T-UP 222574 2225.74  3180.08 9024 T-UP 237738 231738  2960.63 173 T-UP 2543.76 2283.52
testT15-4a-Q120  3240.84 375732 1594 T-UP 222574 222574  3710.61 1450 T-UP 2377.38 231738 325240 036 T-UP 2750.30 2503.94
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Table 3.8 Summary of results for alternative PVRP formulations

size data set No M1 L1 UC1
# Best OFV  #opt avg Gap time # Best OFV  #opt avg Gap time # Best OFV  #opt avg Gap time
S1 3 1 0 0.19 0 3 1 0.05 0 2 1 0.10 1
S3 24 19 15 0.04 0 24 24 0 0 24 24 0 17
Small S4 35 30 16 0.05 3 30 19 0.01 6 27 5 0.12 0
S5 32 12 7 0.13 0 31 23 0.01 10 28 20 0.02 10
sum\avg 94 62 38 0.08 3 88 67 0.01 16 81 50 0.05 28
# Best OFV  #opt # feaSol avg LB time # Best OFV  #opt  # feaSol avg LB time # Best OFV  #opt # feaSol avg LB time
S1 8 1 0 8 1765.68 0 4 0 5 2153.56 0 2 0 7 2157.89 0
S2 1 0 0 1 1778.49 0 0 0 1 2038.04 0 0 1 2070.17 0
Medium S3 1 0 0 1 10.23 0 0 0 1 12.41 0 0 0 0 10.70 0
S5 48 0 0 48 1182.81 0 26 9 48 1774.12 2 0 7 37 1684.71 1
sum\avg 58 1 0 58 1253.26 0 30 9 55 1800.6 2 2 7 45 1727.76 1
# Best OFV # feaSol avg LB # Best OFV # feaSol avg LB # Best OFV # feaSol avg LB
S1 18 4 15 13431.53 3 6 16139.46 0 2 13946.61
Large S2 9 1 6 4675.25 1 3 6160.58 0 0 4801.71
2
sum\avg 27 5 21 10512.77 4 9 12813.17 0 2 10898.31
M1+(3.13) M1+(3.13, 3.20, 3.21) L1+(3.20, 3.21, 3.28)
# Best OFV  #opt avg Gap time # Best OFV  #opt avg Gap time # Best OFV  #opt avg Gap time
ST 3 1 0 0.18 0 0 0 0.18 0 3 1 0.03 0
S3 24 21 15 0.03 0 18 13 0.05 0 25 24 0 8
Small S4 35 31 15 0.05 5 33 16 0.04 5 31 20 0.01 5
S5 32 13 7 0.12 0 13 6 0.12 0 31 23 0.01 5
sum\avg 94 66 37 0.07 5 64 35 0.08 5 90 68 0.01 18
# Best OFV  #opt # feaSol avg LB time # Best OFV  #opt # feaSol avg LB time # Best OFV  #opt # feaSol avg LB time
S1 8 0 0 7 17755 0 0 0 7 1771.23 0 2 0 8 2264.25 0
S2 1 0 0 1 1787.72 0 0 0 1 1802.52 0 1 0 1 2078.58 0
Medium S3 1 0 0 1 10.25 0 0 0 1 10.25 0 1 0 1 12.41 0
S5 48 0 0 47 1582.06 0 2 0 48 1580.72 0 33 12 48 1786.65 10
sum\avg 58 0 0 56 1585.18 0 2 0 57 1583.75 0 37 12 58 1826.97 10
# Best OFV # feaSol avg LB # Best OFV # feaSol avg LB # Best OFV # feaSol avg LB
S1 18 6 18 13222.26 1 17 13219.62 4 8 5190.18
o S2 9 2 7 4698.13 1 6 4778.66 2 3 6234.50
Large
sum\avg 27 8 25 10380.89 2 23 10405.97 6 11 5538.29




Replacing constraints (3.8) with the stronger versions of SECs (valid inequalities
(3.13)) leads to an improvement of up to 22.68% in the solutions of 54 instances.
C1 competes with L1 and L1+(3.20, 3.21, 3.28) in the most of small instances
containing up to 30 customers. Nevertheless, it is unable to find a feasible solution
for 11 relatively larger instances. M1+(3.13) yields significantly better objective
function values at the root node than does M1: achieving a maximum of 37.40%
improvement. Yet again, L.14+(3.20, 3.21, 3.28) is superior to the other models with

respect to the quality of the root node objective values.

Across all five data sets, it is consistently observed that model L1+(3.20, 3.21,
3.28) provides the best LP-relaxation objective function values. Model L1 follows
closely behind L14(3.20, 3.21, 3.28) in terms of LP-relaxation quality, often be-
ing the second-best performer across all data sets. For data sets S1, S2, and 5S4,
the rankings are consistent, with L1+4(3.20, 3.21, 3.28) and L1 leading the LP-
relaxation quality, followed by C1, M1+(3.13, 3.20, 3.21), M1+(3.13), and M1. For
data set S3, the inclusion of valid inequalities (3.13) and (3.21) and optimality cut
(3.20) enhances the LP-relaxation quality of MTZ-formulation to such an extent
that M1+(3.13, 3.20, 3.21) and M1+(3.13) surpass both L1 and C1 in terms of
tightness. In data set S5, L14(3.20, 3.21, 3.28) continues to excel, while L1 takes
the lead in most instances compared to M1+4(3.13, 3.20, 3.21). Models C1 competes
with M1+(3.13), and M1+(3.13, 3.20, 3.21) on data set S5. This suggests that the
quality of the LP-relaxation objective function can be dependent on the specific data

set characteristics.

It should also be noted that, in some instances, the values of the root node relax-
ation and LP-relaxation are the same. To investigate this further, we incorporated
a callback function into the optimization process to count the number of cuts added
to the root node relaxation in these instances. It becomes evident that no cuts are
added to the root node relaxation, and consequently, the root node and the LP

relaxation coincide.

Table 3.8 narrows down the evaluation of the alternative PVRP models into a
comparison of OFV, number of optimal solutions, average gap, run time, number
of instances for which at least an upper bound is obtained and average best lower
bounds. We categorize the instances into three groups as follows; instances with up
to 40 customers are considered small, instances with 41 to 71 customers are con-
sidered medium, and instances with 72 to 288 customers are considered large. The
second column of the table shows the data set while the next column indicates the
number of instances in the corresponding set that belongs to the specified instance

size category.
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For the small category, the next blocks of four columns report the number of
instances for which the corresponding model reaches the best OFV, the number of
instances solved to optimality, the average gap, and the number of instances solved
to optimality faster, respectively. For medium and large categories, due to the
existence of instances for which some of the models fail to find a feasible solution,
we report the number of instances where at least an upper bound is obtained by the
corresponding model (#feaSol) as well as average best obtained lower bounds (avg
LB) instead of the average gap. For the large category, the first two columns of the
block report the number of instances for which the corresponding model reaches the
best OFV and the number of instances solved to feasibility, respectively. The third
column presents the average of the best lower bounds attained by the corresponding

model.

o Results based on the 94 small instances illustrate the superior performance of
L1+4(3.20, 3.21, 3.28) in comparison with other models. L1+4(3.20, 3.21, 3.28)
finds the best OFV for 90 out of 94 instances, among which 68 instances are
solved to optimality. L1 and L1+(3.20, 3.21, 3.28) exhibit an average gap of
0.01 across the 94 instances. In terms of solution time, 75 small instances are
solved to optimality by the alternative models. For the remaining instances
the models hit the time limit. The time it takes for UC1 to find an optimal
solution is shorter compared to the other models in 28 of small instances,
followed by L14(3.20, 3.21, 3.28) and L1 in 18 and 16 instances respectively.

o Results based on the 58 medium instances also exhibit the superior perfor-
mance of L14(3.20, 3.21, 3.28) with regard to quality of OFV, solution time,
average best lower bounds and number of the optimal solutions. Models M1
and L1+(3.20, 3.21, 3.28) successfully find an upper bound for all medium
instances followed by M1+(3.13, 3.20, 3.21)). L1+(3.20, 3.21, 3.28) finds the
optimal solution faster in 10 out of 13 medium instances solved to optimality

by alternative formulations.

» Results based on the 27 large instances demonstrate that M1+(3.13) outper-
formed the other alternative models. Generally, in large instances the models
based on the MTZ-SECs (M1, M1+(3.13), M1+4(3.13, 3.20, 3.21)), despite the
L1, L1+4(3.20, 3.21, 3.28) and UC1, are able to find a feasible solution for most
of the instances. Out of 27 large instances, M1-13 finds a feasible solution for
25 instances, while this number is 11 for L1+(3.20, 3.21, 3.28). In terms of
the quality of OFV, MTZ-based formulations are still superior to load-based
and cut-based models. However, Model L1 obtains the greatest average lower

bounds.
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The aforementioned results imply that Load-based models are faster than MTZ-
based formulations in small and medium instances whereas M'TZ-based formulations,

particularly M1+(3.13), produce more favorable results in solving large instances.

MTZ-based formulations, use a set of continuous two-indexed variables to guar-
antee the connectivity of the vehicle routes and to avoid vehicle capacity violations.
To this end, the load-based formulations, use a set of continuous three-indexed
(commodity flow) variables that makes the formulation stronger. Hence, in terms
of solution quality and run time, the load-based models outperform the MTZ-based
models in the small and medium instances. However, in large instances, the models

cannot even attain a feasible solution for some of the instances.

3.2.3 Evaluation of Alternative PVRPTW Formulations

In order to compare the alternative PVRPTW models, data sets S6 and S7 are
used. First, we test M2, L2 and C2; then, we evaluate the impact of valid inequalities

and optimality cuts as follows.
« Model M2+(3.13) is obtained by replacing constraints (3.8) with (3.13).

o We add valid inequalities (3.46) to models M2 and L2 and obtain models
M2+(3.46) and L2+(3.46), respectively.

o The effect of applying valid inequalities (3.13) and (3.46) together on model
M2 is also investigated with model M2+-(3.13, 3.46),

o Model M2+(3.13, 3.20, 3.21, 3.46) is obtained by adding optimality cuts (3.20)
and valid inequalities (3.21) to model M2+(3.13, 3.46)

o Model L2+(3.20, 3.21, 3.28, 3.46) is obtained by adding valid inequalities
(3.21) and optimality cuts (3.20) and (3.28) to model L2+(3.46).

Overall, nine alternative formulations are tested. The time limit is set to 86400
seconds for the instances in the data set S6 and 14400 seconds for the instances in
the data set S7.

The results in Table 3.9 highlight the difficulty of the instances in the data set
S6. Out of the 20 instances, none can be solved to feasibility by C2, whereas L.2 and
M2 are able to identify a feasible solution to seven and 15 instances, respectively.

More precisely, out of the first ten instances with narrow time windows,
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Table 3.9 Results of the alternative PVRPTW models on data set S6

M2 L2 c2
Instance Best OFV ™"Gpv A% Time Root  LP OFV A% Time  Root LP OFV A% Time Root  LP
prO1-N48m2p4 200027 201151 008 T-UP 213473 145145  2909.27 000 T-UP 217585 162818  NA _ T-UP 2140.77 1529.24
pr02-N96m6p4 500038 5090.38 000 T-UP 3887.02 225579 525848 330 T-UP 4047.20 2770.16  NA T-UP 3055.41 2347.14
prO3-N144mOpd  8005.54 830026 4.81 T-UP 447158 303208 853249 6.58 T-UP 508420 408399  NA _ T-UP 471850 3380.02
prOANIO2mI2pd  8485.23 042850 1112 T-UP 471381 3377.01  8485.23 0.00 T-UP 550527 460353  NA _ T-UP 5050.71 3836.42
prO5-N240m15pd  9916.44  9916.44 0.00 T-UP 494711 3525.92 NA _ T-UP 6ISLT9 534067  NA _ T-UP 4065.58
prO6-N2ssmliSpd 1248100  12749.94 215 T-UP 5857.50 427534  12812.80 2.66 T-UP 754670 646834  NA T.UP 5147.57
prO7-N72m5p6 681175 688241 104 T-UP 4748.77 330881 NA  _ T-UP  4927.67 388469  NA  _ T-UP 4743.33 350442
prOS-N144m10p6  11066.50 1106650 0.00 T-UP 5052.98 3842.02 NA  _ T-UP  6824.63 546725  NA _ T-UP 6378.16 4416.01
prO9-N216m15p6  17253.82 NA  _ T-UP 792427 5502.17 NA  _ T-UP 96TLGI 831547  NA _ T-UP 676480
pri0-N28Sm20p6 2005445  20842.08 3.93 T-UP 9007.69 6069.61 NA T.UP 1179308 9965.74  NA T.UP 7583.17
pri1-N48m2p4 2397.35  2559.99 10.00 T-UP 145145 145145  2327.35 000 T-UP 162818 162818  NA T-UP 152024 152024
pri2-N96m6p4 476758 4960.67 405 T-UP 2300.56 2255.79 NA  _ T-UP 280351 277016 ~ NA _ T-UP 2347.14
pri3NI44mOpd 657422 764830 1634 T-UP 303230 303208  7030.50 694 T-UP 4083.99 408399  NA _ T-UP 3380.02
pri4N192mi2pd  7242.10  8852.02 2223 T-UP 330852 3377.91 NA  _ T-UP 471086 469353 ~ NA  _ T-UP 3853.06 3836.
pri5-N240mlspd 786438  9447.75 20.13 T-UP 362688 3525.92 NA TUP 537285 5310.67  NA T.UP 416196
pri6N28smispd  9807.60 1232705 25.60 T-UP 4286.60 4275.3 NA _ T-UP G468.88 646831  NA _ T-UP 51757
pri7-N72mdp6 NA NA  _ T-UP 341430 3398.1 NA  _ T-UP 3807.02 388469  NA _ T-UP 351866 350443
pri8-N144m8p6 NA NA  _ T-UP 384874 3842.02 NA  _ T-UP  5480.23 546725  NA _ T-UP 442273 441601
pri9-N216m12p6 NA NA T-UP 5557.20 5502.17 NA T-UP 832187 831547  NA T-UP 6814.56 676480
pr20-N288m16p6 NA NA  _ T-UP 6100.82 6069.61 NA  _ T-UP 997050 996574  NA _ T-UP 758318

 the first six instances have a planning horizon of four days and the rest has a

planning horizon of six days,

« M2 finds a feasible solution for nine instances, and the only instance (pr09)
for which M2 is not able to find a feasible solution has a planning horizon of

six days,

o L2 attains a feasible solution for five out of six instances with a planning
horizon of four days while it fails to detect a solution for the instances with a

planning horizon of six days.

The second ten instances have wide time windows. None of the models reach a fea-
sible solution for the last four instances (prl7 to pr20) with wide time windows and
a planning horizon of six days. M2 solves to feasibility all the remaining instances

with four days of planning horizon, while L2 is able to solve only two of them.
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Table 3.10 Results of the alternative PVRPTW models with valid inequalities on data set S6

M2+(3.13) M2+ (3.46) M2+(3.13, 3.46)

Instance Best OFV ""0pv ™ A%  Time  Root LP OFV A% Time Root LP OFV A% Time Root LP
pr01-N4Sm2p4 2909.27  2909.27 0.00 T-UP 2230.87 1544.35 291661 025 T-UP 2134.73 1451.45 2019.61 036 T-UP 2230.87 1544.35
pr02-N96m6p4 500038  5194.20 204 T-UP 3902.58 2707.14 517699 170 T-UP  3887.01 2255.79 5092.96  0.05 T-UP  3902.58 2707.14
pr03-N144m9pd 800554  8038.46 041 T-UP 454341 3149.51 8300.26 4.81 T-UP 447157 3032.08 8394.93 4.86 T-UP 454341 314951
prO4-N192m12pd 848523  9677.30 14.05 T-UP 4917.03 3636.17 936472 1036 T-UP  4715.61 3377.91 9941.58 17.16 T-UP  4917.03  3636.17
pr05-N240m15p4 991644 1002894 1.13 T-UP 5069.41 3602.33 996473 049 T-UP  4947.10 3525.92 993749 0.21 T-UP  5069.41  3602.33
prO6-N288m1Spd 1248109 1278349 242 T-UP 599117 4447.53 12808.60 3.35 T-UP 5857.50 427534 1279255 2.50 T-UP 599117  4447.53
pr07-N72m5p6 681175  6934.93 181 T-UP 491518 3440.25 6855.83 0.5 T-UP 474877 3398.81 692699 1.69 T-UP 491518  3440.25
prO8-N144m10p6 1106650 11177.43  1.00 T-UP 6032.73 3919.68 1185112 7.09 T-UP  5952.98 3842.02  11825.99 6.86 T-UP 603273  3919.68
pr09-N216m15p6  17253.82 17253.82  0.00 T-UP 8021.50 5687.37 1755192 1.73 T-UP  7924.26 550217  17531.32 161 T-UP 802150 5687.37
pri0-N288m20p6 2005445  20227.26  0.86 T-UP 9243.02 628345 2138483 6.63 T-UP  9007.68 6069.61  21467.51 7.05 T-UP  9243.02 628345
pri1-N48m2p4 2327.35  2482.65 6.67 T-UP 1544.35 1544.35 234978 0.96 T-UP 145145 1451.45 247394 630 T-UP  1544.35 1544.35
pr12-N96m6p4 4767.58 NA  _ T-UP 271051 2707.14 NA  _ T-UP 230056 2255.79  4767.58 000 T-UP 271051 2707.14
pr13-N144m9pd 657422 720687 9.62 T-UP 314951 3149.51 6574.22 000 T-UP 303230 3032.08 725157 1030 T-UP 314951  3149.51
prid-N192mi2pd 724210 921959 27.31 T-UP 3649.66 3636.17 7242.10 000 T-UP  3398.57 3377.91 9200.60 27.04 T-UP  3649.66 3636.17
pri5-N240m15pd 786438  9524.95 2112 T-UP 3695.26 3602.33 7864.38 000 T-UP  3626.87 3525.92 9697.24 2331 T-UP 369526  3602.33
pri6-N28smispd  9807.60 12396.29 26.39 T-UP 4456.44 4447.53 9807.60 0.00 T-UP 4286.85 427534  12054.66 22.91 T-UP  4456.44  4447.53
pr17-N72mdp6 NA NA  _ T-UP 3457.96 3440.25 NA  _ T-UP 341430 3398.81 NA _ T-UP  3457.96  3440.25
pr18-N144mSp6 NA NA  _ T-UP 3923.04 3919.68 NA  _ T-UP 384873 3842.02 NA  _ T-UP 392304 3919.68
pr19-N216m12p6 NA NA  _ T-UP 573461 5687.37 NA  _ T-UP 5557.29 5502.17 NA  _ T-UP 5734.61 5687.37
pr20-N288m16p6 NA NA  _ T-UP 631231 6283.45 NA  _ T-UP 6100.82 6069.61 NA  _ T-UP 631231 6283.45

M2+(3.13, 3.20, 3.21, 3.46) L2+(3.46) L2+(3.20, 3.21, 3.28, 3.46)

Instance Best OFV ™00y A%  Time  Root LP OFV A% Time Root LP OFV A% Time Root LP
prO1-N48m2p4 2000.27  2011.27  0.07 T-UP 2340.76 1634.07 2011.27  0.07 T-UP 2175.84 1628.18  2909.27 000 T-UP 235631 1771.68
pr02-N96m6p4 500038 510518 029 T-UP 4040.27 2787.77 514278 1.03 T-UP  4047.20 2770.16 NA  _ T-UP 415712  3224.29
pr03-N144m9pd 800554 8005.54 0.00 T-UP 4814.67 3360.97 9090.67 1355 T-UP  5084.20 4083.99 NA  _ T-UP 535607 4247.93
pro4-N192m12pd 848523 997417 1755 T-UP 5267.48 3766.05 858041 112 T-UP  5595.63 4693.53 NA  _ T-UP 599369 4947.27
pr05-N240m15pd 991644  10154.66 240 T-UP 5547.88 3789.55 NA _ T-UP 618178 5340.67  10706.33 7.97 T-UP 662918 5446.26
prO6-N288miSpd  12481.09 1264475 131 T-UP 6367.24 4631.96  12481.09 0.00 T-UP  7546.60 G6468.34 NA _ T-UP  T7848.18  6647.70
pr07-N72m5p6 681175 6811.75 0.00 T-UP 5327.63 3527.18 NA  _ T-UP 4927.66 3884.69 NA  _ T-UP 542546  3980.95
pr08-N144m10p6  11066.50 NA  _ T-UP 651451 4111.79 1152493 414 T-UP 6824.62 5467.25  11552.58 4.39 T-UP 725147  5651.66
pr09-N216m15p6  17253.82 NA  _ T-UP 853944 5953.24 NA  _ T-UP 9671.64 831547 NA  _ T-UP 10048.18 8501.65
pr10-N288m20p6 2005445 20054.45 0.00 T-UP 9923.97 667155 NA  _ T-UP 11793.07 9965.74 NA  _ T-UP 12384.71 10234.41
pr11-N48m2p4 2327.35  2544.60 934 T-UP 1729.31 1634.07 237970 225 T-UP  1628.17 1628.18 2353.35 112 T-UP 183624 177168
pr12-N96m6p4 4767.58 NA  _ T-UP 2958.60 2787.77 NA  _ T-UP 2803.50 2770.16 NA  _ T-UP 3349.33 3224.29
pr13-N144m9pd 657422 802096 2201 T-UP 3654.97 3360.97 NA T-UP  4083.98 NA T-UP 444256  4247.93
pri4-N192mi2pd 724210  9254.08 27.78 T-UP 4128.78 3766.05 NA T-UP 471091 NA T-UP 520358 4947.27
pri5-N240m15p4 786438  9766.15 24.18 T-UP 4173.53 3789.55 NA T-UP  5372.84 NA T-UP  5675.56  5446.26
pri6-N288mispd  9807.60  12490.37 27.35 T-UP 5029.47 4631.96 NA T-UP  6469.00 NA T-UP 690812  6647.70
pr17-N72mdp6 NA NA  _ T-UP 384352 3527.18 NA  _ TUP 3897.92 NA  _ TUP 424272 3980.95
pri8-N144m8p6 NA NA  _ T-UP 453226 4111.79 NA  _ TUP 5480.23 5467.25 NA  _ T-UP 5931.96 5651.66
pr19-N216m12p6 NA NA  _ T-UP 645447 5953.24 NA  _ TUP 8321.87 8315.47 NA  _ T-UP 874955 8501.65
pr20-N288m16p6 NA NA T-UP 7168.68 6671.55 NA T-UP 9965.74 NA T-UP 1051221 10234.41




According to Table 3.10, replacing constraints (3.8) with valid inequalities (3.13)
leads to an improvement in the solution of five instances with respect to M2, and two
instances overall. Moreover, a feasible solution is identified for the instance pr09 with
narrow time windows. M2+(3.46) produces better quality solutions in eight and nine
instances compared to M2 and M24-(3.13), respectively, and four instances overall.
Improvements in the results of M2+(3.46) highlight the effectiveness of the valid
inequalities (3.46) in tightening the problems, especially the ones with wide time
windows. M24-(3.13, 3.46) yields a better solution for an instance (pr12) for which
M2 also returns a feasible solution while the individual addition of valid inequalities
even fail to find a feasible solution for this instance. Model M2+(3.13, 3.20, 3.21,
3.46) improves the solution for three instances with narrow time windows overall.
However, for instances with wide time windows, the solutions obtained by M2+(3.13,
3.20, 3.21, 3.46) have a deviation of 22.13% on average from reported Best OFV.
The performance of L2 is not improved consistently with the addition of the valid
inequalities. It should be noticed that, in terms of the root node solution, L2+(3.20,
3.21, 3.28, 3.46) outperforms other formulations, and is followed by 1.2+(3.46).

Table 3.11 Time window density and width of data set S7

C1 R1 RC1
# TWD TWW TWD TWW TWD TWW

01 100% 60.76 100% 10.00 100%  30.00
02 7% 6127 7% 10.00 7%  30.00
05 100% 121.61 100% 30.00 100%  54.33

Table 3.12 Results of the alternative PVRPTW models on data set S7

M2 L2 C2

Instance  Best OFV OFV A%  Time Root LP OFV A%  Time Root LP OFV A%  Time Root LP

P4C101 2913.94 2913.94 0.00 43.90 2910.87  786.31 2913.94 0.00 72.91 2910.87 1716.35 2913.94 0.00 8064.03 2910.87 1274.11
P4R101 4162.33  4162.33 0.00 120.16  4109.89 1391.86 4162.33 0.00  305.28 4109.89 1773.92 NA o T-UP  4109.89 1589.05
P4RC101 3983.30 3983.30 0.00 T-UP 3039.33 1313.82 3998.22  0.37 T-UP  3224.68 2050.50 NA _ T-UP 3014.05 1577.30
P4C102 3079.89 NA o T-UP 1954.08  865.92 NA o T-UP  2096.00 1767.87 NA o T-UP 2019.72 1364.26
P4R102 3763.76 NA o T-UP 2414.20 1455.58 NA o T-UP 2588.72 1818.07 NA o T-UP  2456.53 1623.92
P4RC102 NA NA o T-UP 1950.79 1346.10 NA o T-UP 2467.40 2144.50 NA o T-UP 2159.56 1670.22
P4C105 2889.92  2889.92 0.00 384.05 2788.82  832.51 2889.92 0.00 1043.81 2788.83 1742.67 NA o T-UP 2788.82 1356.68
P4R105 3697.07  3710.12 0.35 T-UP 2963.16 1549.84 NA . T-UP 3003.10 1859.74 NA - T-UP 2891.48 1703.30
P4RC105 NA NA T-UP 2272.33 1411.08 NA T-UP 2541.52 2086.72 NA T-UP 235225 1686.18
P6C101 3989.48  3989.48 0.00 2846.14 3808.02 1096.97 3989.48 0.00 2226.65 3808.02 2302.67 3998 0.21 T-UP 3808.02 1716.39
P6R101 5393.19  5393.19 0.00 379.66 5337.68 1856.92 5393.19 0.00 611.76 5337.68 2332.18 NA T-UP 5337.68 2029.85
P6RC101 5834.62  5967.34 2.27 T-UP 4279.68 1764.04 NA T-UP  4299.05 2524.85 NA T-UP 4267.18 2020.08
P6C105 4059.25  4062.10 0.07 T-UP 3833.48 1048.12 4069.38  0.25 T-UP 3834.12 2333.17 NA _ T-UP 3833.48 1745.85
P6R105 NA NA o T-UP 3533.48 1764.35 NA o T-UP 3543.15 2224.57 NA - T-UP 3505.34 2003.17
P6RC105 NA NA T-UP 324826 1844.41 NA T-UP  3550.29 2799.08 NA T-UP 3350.38 2212.60
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Table 3.13 Results of the alternative PVRPTW models with valid inequalities on data set S7

M2-+(3.13) M2-+(3.46) M2-+(3.13, 3.46)
Instance Best OFV
OFV A% Time Root LP OFV A%  Time Root LP OFV A% Time Root LP
P4C101 2913.94  2913.94 0.00 96.61 2910.87  816.27 2913.94 0.00 65.00 2910.87  786.31 2913.94 0.00 107.14 2910.87  816.27
P4R101 4162.33  4162.33 0.00 177.78 4109.89 1427.18 4162.33  0.00 195.33 4109.89 1391.86 4162.33  0.00 214.20 4109.89 1427.18
P4RC101 3983.30  3988.87 0.14 T-UP 3089.90 1344.05 3983.30 0.00 T-UP 3039.37 1313.82 3989.65 0.16 T-UP 3089.94 1344.05
P4C102 3079.89 NA _ T-UP 1959.24 898.5 3079.89 0.00 T-UP 1954.15  865.92 NA . T-UP 1959.25  898.50
P4R102 3763.76 NA o T-UP 2422.55 1478.95 3888.21 3.31 T-UP 2499.13 1455.58 3763.76 0.00 T-UP 2507.54 1478.95
P4RC102 NA NA o T-UP 1963.84 1406.64 NA o T-UP 1950.90 1346.10 NA o T-UP 1963.84 1406.64
P4C105 2889.92  2889.92 0.00 658.71 2788.82 861.94 2889.92 0.00 175.72 2788.82  832.51 2889.92  0.00 270.18 2788.82  861.94
P4R105 3697.07  3721.18 0.65 T-UP 3009.37 1601.89 3709.58 0.34 T-UP 2963.25 1549.84 3725.34  0.76 T-UP 3009.38 1601.89
P4RC105 NA NA o T-UP 2314.56 1444.11 NA o T-UP 2272.33 1411.08 NA o T-UP 2314.56 1444.11
P6C101 3989.48 3989.48 0.00 1527.72 3808.02 1162.04 3989.48 0.00 1212.13 3808.02 1096.97 3989.48 0.00 1913.72 3808.02 1162.04
P6R101 5393.19  5393.19 0.00 361.31 5337.68 1912.10 5393.19 0.00 195.38 5337.68 1856.92 5393.19 0.00 299.24 5337.68 1912.10
P6RC101 5834.62  5994.47 2.74 T-UP 4301.44 1854.79 5834.62 0.00 T-UP 4279.67 1764.04 5897.39 1.08 T-UP 4301.44 1854.79
P6C105 4059.25 4059.25 0.00 14309.01 3833.48 1064.40 4059.55 0.01 T-UP 3833.48 1048.12 4066.12  0.17 T-UP 3833.48 1064.40
P6R105 NA NA T-UP 3558.77 1790.65 NA o T-UP 3533.47 1764.35 NA T-UP 3558.77 1790.65
P6RC105 NA NA T-UP 3281.73 1887.40 NA o T-UP 3248.26 1844.41 NA T-UP 3281.74 1887.40
M2+(3.13, 3.20, 3.21, 3.46) L2-+(3.46) L2+(3.20, 3.21, 3.28, 3.46)

Instance - Best OFV ""6p0 " "A0. Time  Root LP OFV A% Time  Root LP OFV A% Time  Root LP
P4C101 2913.94  2913.94 0.00 154.45 2910.87 871.21 2913.94 0.00 51.01 2910.87 1716.35 2913.94 0.00 106.23 2910.87 1754.96
P4R101 4162.33  4162.33 0.00 294.23 4109.89 1473.52 4162.33 0.00  330.01 4109.89 1773.92 4162.33  0.00 457.91 4109.89 1818.99
P4RC101 3983.30  4007.34 0.60 T-UP 3344.54 1408.82 3991.82  0.21 T-UP 3224.71 2050.50 3993.02 0.24 T-UP 3364.46 2097.42
P4C102 3079.89 NA o T-UP 1988.37  936.29 NA o T-UP 2097.20 1767.87 NA o T-UP 2115.49 1800.56
P4R102 3763.76  3849.59 2.28 T-UP 2511.96 1522.45 NA T-UP 2606.24 1818.07 NA T-UP 2615.08 1858.86
P4RC102 NA NA o T-UP 2034.89 1448.52 NA o T-UP 2459.31 2144.50 NA o T-UP 2521.11 2178.38
P4C105 2889.92  2889.92 0.00 495.28 2830.80  895.16 2889.92 0.00 1114.65 2788.83 1742.67 2889.92  0.00 537.34 2836.83 1772.66
P4R105 3697.07 3697.07 0.00 T-UP 3112.99 1647.88 3703.55 0.18 T-UP 3001.13 1859.74 NA o T-UP 3112.73 1917.37
P4RC105 NA NA o T-UP 2370.54 1500.26 NA o T-UP 2541.52 2086.72 NA o T-UP 2598.43 2121.59
P6C101 3989.48  3989.48 0.00 1372.20 3808.02 1212.92 3989.48 0.00 2605.38 3808.02 2302.67 3989.48 0.00 11476.51 3808.02 2368.90
P6R101 5393.19  5393.19 0.00 524.06 5337.68 1956.82 5393.19 0.00 600.44 5337.68 2332.18 5393.19 0.00 895.28 5337.68 2405.66
P6RC101 5834.62  5858.02 0.40 T-UP 4501.98 1894.13 NA . T-UP 4321.70 2524.85 NA . T-UP 4530.65 2605.76
P6C105 4059.25  4069.60 0.25 T-UP 3909.37 1118.57 4059.25 0.00 T-UP 3834.11 2333.17 4166.35 2.64 T-UP 3909.37 2364.74
P6R105 NA NA _ T-UP 3699.98 1843.93 NA _ T-UP 3540.84 2224.57 NA _ T-UP 3700.34 2272.00
P6RC105 NA NA T-UP 3411.82 1973.60 NA T-UP 3550.28 2799.08 NA T-UP 3637.76 2877.14




In data set S7, the customer coordinates are identical for all instances with the
same type (i.e., R, C and RC). The instances differ with respect to the width of
the time windows and time window density (TWD), that is, the percentage of cus-
tomers with time windows. Among 45 instances in S7, we choose 15 instances, with
TWD of 100% and 75%, which are easier to solve with the commercial solver. The
corresponding instances are indexed with 01, 02 and 05 in each subset of instances
C1, R1 and RC1. The information about the TWD and the average width of the
time window (TWW) for those instances are reported in Table 3.11. For example,
value 100% in the first column and the first row of the table shows the TWD of the

instances containing C101 in their names.

Based on the results in Table 3.12, C2 only solves two instances out of 15:
instance P4C101 is solved to optimality and instance P6C101 is solved to feasibility.
None of the models return a feasible solution for the instances with 75% TWD. M2
and L2 solve nine and seven instances out of 15, respectively. More precisely, out of
12 instances with 100% TWD,

o« M2 and L2 both reach the optimal solution for five instances. M2 identifies
the optimal solutions more quickly than L2 in all instances except P6C101,

o M2 solves four instances to feasibility. L2 is not able to find a feasible solution
for two of them, P4R105 and P6RC101. For P4ARC101 and P6C105, M2 returns

a better solution than L2 in the given time limit.

Replacing constraints (3.8) with valid inequalities (3.13) makes M2+(3.13) the
only model to solve P6C105 to optimality. By adding valid inequalities (3.46) to
M2 and L2,

e M2 improves the computation time in three instances overall, and finds a
feasible solution for two of the three instances with 75% TWD:;

« L2 improves the quality of the solution only for one instance (P4R105) overall
and reaches the optimal solution for instance P6C105 although not being able

to prove its optimality within the specified time limit.

According to Table 3.13, adding valid inequalities (3.46) does not help L2 in pro-
ducing a feasible solution for instances with 75% TWD. Replacing constraints (3.8)
with valid inequalities (3.13) and adding (3.46) to M2 simultaneously only improves
the solution quality of instance P4AR102. M2+(3.13, 3.20, 3.21, 3.46) also improves
the solution quality of only one instance (P4R105) overall.

The results based on data sets S6 and S7 indicate that valid inequalities (3.46)

do not affect LP relaxation quality, and the same objective function values of LP
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relaxations are observed between models M2 and M2+(3.46) and between models
M2+(3.13) and M2+(3.13, 3.46), as well as L2 and L2+(3.46). Across data sets S6
and S7, model L2+(3.20, 3.21, 3.28, 3.46) consistently delivers the highest quality
LP relaxation followed by model L2 (L2+(3.46)). For data set S7, the ranking
follows as C2, M2+(3.13, 3.20, 3.21, 3.46), M2+(3.13) (M2+(3.13, 3.46)), and M2
(M2+(3.46)), respectively. For data set S6, models C2, M2+(3.13, 3.20, 3.21, 3.46)
and M2+(3.13) (M2+(3.13, 3.46)) compete with each other, followed by model M2
(M2+(3.46)).

To extend the PVRP formulations M1 and L1 to model the PVRPTW, identical
(time window) constraints are used. We observe that load-based formulations yield
stronger linear relaxation bounds in comparison with the MTZ-based formulations
in the case of the PVRPTW. Furthermore, despite having weaker linear relaxation
bounds, MTZ-based formulations produce mostly better results in terms of the ob-
jective function value and run time than load-based formulations in PVRPTW in-
stances. This may be attributed to the fact that MTZ-based formulations, i.e.,
M2 and its extensions, have a smaller number of variables in comparison with the

load-based formulations, L2 and its extensions.

3.3 Conclusions

In this study, we overview the PVRP focusing on modeling approaches and ex-
act solutions to be obtained by a commercial solver. We develop a new MILP
formulation of the PVRP using vehicle flow variables and employ families of valid
inequalities and optimality cuts to tighten the formulation. Two existing prominent
PVRP formulations in the literature referred to as the load-based formulation and
the cut-based formulation are also investigated. The main differences among the
formulations are the representation of vehicle information and the SECs. The cut-
based formulations use decision variables explicitly including a vehicle index. The
SECs of the cut-based formulations have an exponential size and need to be sepa-
rated. In the load-based formulations and the MTZ-based formulations, auxiliary
continuous variables are used to define the constraints preventing the formation of
subtours and both formulations are compact, i.e., they do not involve exponentially
many constraints. Since the continuous variables defined in the MTZ-based formu-
lation have one dimension less than those used in the load-based formulation, the

MTZ-based formulation has smaller number of variables compared to the load-based
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formulation. We also extend these formulations to model the PVRPTW and apply
families of valid inequalities to tighten the formulations. Comprehensive computa-
tional experiments are conducted on seven sets of benchmark instances with different

characteristics to compare the performances of the alternative formulations.

The results of the computational experiments on the PVRP data sets show that
the cut-based model and the load-based model are competitive in solving small in-
stances. When it comes to solving medium instances, the load-based model overtakes
the cut-based model. While the results indicate the difficulty of solving most of the
PVRP instances of large size for the cut-based model and the load-based model,
the MTZ-based formulations are robust and consistent in producing good-quality

solutions.

Considering the PVRPTW, the results obtained by alternative models with data
sets S6 and S7 show that the cut-based model is only successful in solving two out
of 35 instances. In general, the M'TZ-based formulations outperform the load-based
formulations. For the instances solved to optimality, they reach the solution faster,
and for those instances for which an optimal solution cannot be identified within the
specified time limit, they return solutions of higher quality when compared to the
load-based formulations. The superiority of the MTZ-based formulations are more

evident in solving larger instances.

The goal of this research is to compare and provide insights into the computa-
tional performance of widely used formulation approaches in the literature that can
be implemented and solved directly by state-of-the-art commercial solver capabil-
ities. Other formulation approaches are available (e.g. set partitioning) for which
an exact solution cannot be obtained directly by a solver, but only by employing
efficient optimization algorithms (e.g. column generation and branch-and-price).
Extending the computational analysis to cover a broader spectrum of exact solu-
tion methodologies may provide additional insights into the performance of different
formulation and solution techniques with respect to run times and solution quality.
Moreover, (parts of) the formulation approaches considered in this study are easily
applicable to other variants of the PVRP and exploring the computational perfor-
mance on different problem variants may also be an interesting direction for future

research.
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4. Optimization Methodologies for PVRP

In this chapter, we tackle the PVRP using two state-of-the-art methodologies. Sec-
tion 4.1 details the application of the LBBD approach to solving the PVRP, while

Section 4.2 explores the use of the column generation approach for the same problem.

4.1 LBBD Approach in Solving PVRP

Benders decomposition (Benders, 1962) was initially developed for MIP problems,
utilizing projection, outer linearization, and relaxation techniques to transform the
problem into a more tractable form. This method divides an MIP problem into two
more manageable problems: the master problem, a relaxed version of the original
that includes the integer variables, and the subproblem, a linear program parame-
terized by the temporarily fixed integer variables from the master problem. During
each iteration of the Benders method, the master problem is solved, and its solution
is used to define the subproblems. The subproblem is then dualized, with its solution
providing coefficients for inequalities known as Benders optimality cuts or feasibility
cuts. If the dual subproblem is optimal, it generates an optimality cut; if it is infea-
sible, a feasibility cut is produced. This method converges to the optimal solution as
long as the Benders master problem solution continues to improve the lower bound
by solving to optimality and excluding the current master problem solution through
added cuts. The process repeats until an optimal solution to the original problem
is found or an early stopping criterion is met. In the latter case, the solution from
the master problem combined with a feasible subproblem solution yields a globally
feasible MIP solution, while the optimally solved master problem provides a lower
bound for the original objective function value. Benders decomposition is effective
when it concludes well before reaching the total number of potential master problem

solutions.
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A modified version of UC1 is well-suited for the application of Benders decompo-
sition, resulting in a master problem resembling a generalized assignment problem
(GAP), where customers are assigned to days, and independent VRP subproblems.
This approach, known as cluster-first and route-second, generates MIP subproblems
instead of linear ones, rendering the classical Benders method inapplicable. Instead,
LBBD, developed by Hooker (2000) and Hooker and Ottosson (2003), is used to
handle a broader range of optimization problems, including those with Benders’

subproblems containing one or more sets of integer variables.

For the sake of completeness, we bring the expansion of UC1 formulation here;

(4.1) minimize Y Y Y Ceetk,

ecEteTkeK
(4.2) subject to Z sip =1 Vi € N,
peEF;
(4.3) Z Sip = Z Zitk Vi€ N, VteT,
pEP;:tep keK
(4.4) Z Zitk di < Quyy, Vke K\VteT,
1€ N¢
(4.5) 2 (0(1)) = 22541, Vie N\Vke K,Vte T,
(4.6) 2 (0(S)) > 2244k VS C N, Vie S,Vk € K,
VteT,
(4.7) sip € {0,1} Vi € N.,Vp € P,
(4.8) yitk €{0,1} Vie N.,Vke K.VteT,
(4.9) vy € {0,1} Vke KVteT.
(4.10) Tek €{0,1} Ve € E\{{0,j}:j € N},
Vke K,VteT,
(4.11) zoju € {0,1,2} v{0,7},7 € N¢,Vk € K,
vteT.

LBBD generalizes the classical Benders decomposition by similarly dividing a prob-
lem into a master problem and subproblems. Unlike the classical Benders method,
which uses linear programming duality to derive cuts from subproblems, LBBD
employs the more general inference dual. The inference dual solution provides a
bounding function on the cost of the master problem that is tight for its current
solution. However, unlike classical Benders decomposition, there is no standardized
procedure for deriving these cuts in LBBD. Instead, cuts must be developed specific

to the problem.

54



4.1.1 Generalized Assignment Master Problem

Let o; represent the lower bound on the routing cost for each period ¢t € T', con-
strained by the Benders cuts. The proposed LBBD addresses the following GAP

master problem:

(4.12) minimize Y _ oy,
te’l
(4.13) subject to Y s =1 Vi e N,
pepR;
(4.14) > Sip=Yi Vie N, VteT,
peP;:tep
(415) Z yitdi < KQy()t YVt € T,
1€Ne
(4.16) ot > bounding functions of optimality cuts V¢t € T,
(4.17) feasibility cuts,
(4.18) sip € {0,1} Vi e N.,Vp € P,
(4.19) yit € {0,1} Vie NVteT,

Here, constraints (4.16) and (4.17) consist of the optimality and feasibility cuts
derived in Section 4.1.3.
4.1.2 Vehicle Routing Sub-Problems

For each period t € T', let H(t) represent the clusters of nodes assigned to day ¢ by
the solution of the master problem (4.12)—(4.19). For each day ¢ with ﬁ(t) # 0, the

following independent VRP sub-problems originate from fixed values of y variables:
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(4.20) minimize Z cexgg,

eelE
(4.21) subject to ) zz(,? =1 Vi€ ﬁ(t)\{O},

keK
(4.22) 2D(6(0) =22 Vie HyVke K
(4.23) 2(6(5)) > 22 VS C HyyVie SVkeK,
(4.24) S 2Wd < Que VEkeK,

i€Hy
(4.25) 2 € {0,1} Ve e E\{{0,j}:j € Hy}Vk € K,
(4.26) ey €{0,1,2)  V{0,j}.j € Hy) Yk € K.
(4.27) 21 e 0,1} Vi € Hyy,Vk € K
(4.28) v e {0,1} VkeK

The objective function (4.20) minimizes the total routing cost. Constraints (4.21)
assign each customer to a vehicle. Constraints (4.22) are the degree constraints
for the depot and the customers. Constraints (4.23) prevent subtours. Constraints

(4.24) are the capacity constraints. Variable domain restrictions are given by (4.25)

to (4.28).

4.1.3 Benders Cuts

The solution of each independent VRP sub-problem produces either an optimality
cut or a feasibility cut, which is then incorporated into the GAP master problem.

These cuts are described as follows.

4.1.3.1 Optimality Cut
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Let C® denote the optimal cost for a VRP solution associated with cluster H(t).
We apply the following optimality cuts for the Benders master problem

(4.29) 00> COCN yi—[Hpy|+1).
iEH(t)

where C(t) is the optimal objective function value of the "

subproblem, and |H(t)|
is the number of customers assigned to day ¢. It means that if exactly the same set
of customers are assigned to day ¢, the cost of this particular subproblem will be at
least C'(t). As a result, the solver should avoid allocating the same set of customers
to day t to obtain less cost. The optimality cut applied is the adapted optimality

cut from Riazi et al. (2013).

4.1.3.2 Feasibility Cut

Whenever a cluster H, (1) assigned to day t yields an infeasible VRP subproblem, the

inequality

(4.30) > (i) =1

ieFI(t)

is a feasibility cut for the master problem.

4.1.4 LBBD implementation

The LBBD algorithm builds upon the classical Benders method as outlined in Al-
gorithm 1, where itr represents the iteration counter, LB is the lower bound, and
U B is the upper bound on the optimal cost for the PVRP (lines 1-3). The iterative
process is detailed in lines 4-21. Initially, the solution to the master problem assigns
values y}, to the variables y, forms the customer clusters FI(t),t =1,...,|T|, and
updates the lower bound LB, as this problem is a relaxation of the PVRP (lines
4-5). Subsequently, the VRP subproblems are solved (lines 7-18), producing opti-
mality (line 12) and/or feasibility cuts (line 15), and potentially updating the upper
bound UB (line 19). The loop from lines 4-21 continues until the optimality gap
(UB—LB)/UB is less than the specified tolerance, €.
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Algorithm 1 LBBD

1:
2:
3:
4:
3

10:
11:
12:
13:
14:
15:
16:
17:
18:
19:
20:

itr <0

LB+ 0

UB < o0

while (UB—LB)/UB > ¢ do

Solve the master problem to optimality, obtaining yz‘i tr)and H (1)
LB+ Yyepol™
for (t); teT do
if ;) # 0 then
Solve the VRP sub-problem associated with cluster H
if the VRP sub-problem is feasible then
C(t) < VRP optimal cost

Add a new optimality cut (4.29) to the master problem

else
C(t) o0
Add a new feasibility cut (4.30) to the master problem
end if
end if
end for
UB + min(UB,¥,C(t))
itr <—atr+1

21: end while

4.1.4.1 Branch and check

Algorithm 2 describes a Branch and Check (BAC) approach for solving the PVRP.
This method involves solving a single master problem using a general branch-and-
cut MIP solver. A callback function is utilized to handle each potentially feasible
solution y identified by the master problem, which is then used to formulate the sub-
problems. This leverages the functionality of modern MIP solvers that allow user
intervention during the solution process through incumbent callbacks. Such call-

backs, known in Gurobi Optimization as MIPSOL callbacks are triggered whenever

a new potential incumbent solution is discovered.

If the inequality > ;eq C (1) < S 1er 0t holds true for the optimal solutions C () of the
subproblems for all ¢t € T', then a globally feasible solution for the PVRP has been

identified. Otherwise, Benders cuts generated from the subproblems are added to
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the master problem as lazy constraints, thereby excluding the current solution ¥

from the feasible solution space.

Algorithm 2 BAC
1: Solve the master problem using an MIP solver

2: for all potential incumbent solution y with cost > ;cr oy do

3: Obtain the associated clusters H 1), VtE€T

4 for (t); te€T do

5 if ﬁ(t) # () then

6: Solve the VRP sub-problem associated with cluster H
7: if the VRP sub-problem is feasible then

8 C(t) < VRP optimal cost

9

Generate a new optimality cut (4.29) to the master problem

10: else

11: C(t) < o0

12: Generate a new feasibility cut (4.30) to the master problem
13: end if

14: end if

15: end for

16: if Y C(t) < Yyer oy then

17: Accept the current globally feasible solution ¥

18: else

19: Add the generated Benders cuts to the master problem excluding the
20: current solution y

21: end if

22: end for

4.1.5 Computational Results of the LBBD Algorithms

To evaluate the performance of the proposed algorithms, we utilize dataset S5. This
dataset categorizes instances based on the number of customers and sorts them
according to the planning horizon length. We selected dataset S5 because it allows us
to begin with the category containing 11 customers and progress until the algorithms
demonstrate efficient performance. Each algorithm is executed with a 2-hour time
limit. All computational experiments are performed on a virtual machine equipped
with an Intel Xeon CPU E5-2640 processor running at 2.60 GHz, 16 GB of RAM,
and a 64-bit operating system. The Gurobi Optimizer 8.1.1, integrated with Python
59



3.7.4, is used as the commercial solver.

Table 4.1 provides a comparative analysis of the BAC and LBBD algorithms ap-
plied to dataset S5. The comparison includes various metrics such as "OFV" (best
obtained objective function value), "Gap" (reported gap by Gurobi), "RunTime'
(computing time), "#Opt — cut" (number of generated optimality cuts), "Average
VRP Time" (average time to solve each VRP subproblem), "Total VRP Time" (to-
tal computing time dedicated to solving VRPs), "#V RP" (number of solved VRPs),
"#callback" (number of times the callback function is called), "RunTime-Total VRP
Time" (remaining computing time after extracting total VRP time), "UB" (upper
bound), "LB" (lower bound), "#it" (number of iterations), "Total Master Time'
(total time spent solving master problems), and "Average Master Time' (average

master solution time).

According to Table 4.1, as complexity increases with more customers and longer
planning horizons, the BAC algorithm generally outperforms LBBD, regarding the
solution time. For instance, in test21-4-3-a-Q71, BAC completes in 2047.64 seconds
compared to LBBD’s 6050.05 seconds. Consequently, we proceed with the BAC

algorithm and evaluate its performance by comparing it with model UC1.

Table 4.2 presents the results of UC1 and BAC for selected instances in S5. The
first column lists the instance names. The following two columns display the best
objective function value obtained by UC1 and its corresponding solution time. The
next block of eight columns provides detailed information about the BAC imple-
mentation. Instances with up to 30 customers are solved within a 7200-second time
limit, while instances with 40 customers are given a 14400-second limit. BAC was
executed without any algorithmic enhancements. According to the BAC results,
convergence to an optimal solution is slow. Furthermore, as the problem size in-
creases, the time required to solve the VRP subproblem also increases, rendering

the algorithm inefficient.
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Table 4.1 LBBD versus BAC

BAC LBBD

Instance Avgerage Total Run Time - Avgerage Total Total Avgerage
OFV  Gap RunTime 4 Opt_cut yRP Time VRP Time # VRP # callback Tota1 VRP Time UB LB RunTime yRP Time VRP Time # YRP #1t Master time Master Time
test11-2-2-a-Q51 62048 0 0,49 14 0,03 0,41 14 7 0,08 62048 620,48 0,26 0,02 0,23 10 5 0,024 0,005
test11-2-3-a-Q51 620,48 0 0,99 14 0,07 0,94 14 7 0,06 620,48 620,48 0,51 0,05 0,49 10 5 0,018 0,004
test11-3-2-a-Q51 834,96 0 2,97 81 0,03 2,76 81 27 0,21 834,96 834,96 1,84 0,02 1,70 69 23 0,103 0,004
test11-3-3-a-Q51 834,96 0 4,72 78 0,06 4,53 78 26 0,19 834,96 834,96 3,44 0,05 3,29 69 23 0,105 0,005
test11-4-2-a-Q51  1043,91 0 3,42 156 0,02 3,16 156 39 0,26 1043,91 1043,91 2,31 0,02 2,05 136 34 0,199 0,006
test11-4-3-a-Q51  1043,91 0 6,21 156 0,04 5,94 156 39 0,27 1043,91  1043,91 4,37 0,03 4,07 136 34 0,215 0,006
test11-5-2-a-Q51  1083,97 0 34,31 1300 0,02 30,44 1300 260 3,87 1083,97 1083,97 83,71 0,01 16,40 1335 267 66,631 0,250
test11-5-3-a-Q51  1083,97 0 51,34 1170 0,04 47,19 1170 234 4,14 1083,97 1083,97 91,96 0,02 23,10 1405 281 68,188 0,243
test21-2-2-a-Q71 828,98 0 7,26 10 0,71 7,07 10 5 0,19 828,08 828,98 1,04 0,13 1,01 8 4 0,018 0,004
test21-2-3-a-Q71 828,98 0 16,38 14 1,19 16,68 14 7 0,20 828,08 828,98 2,74 0,27 2,69 10 5 0,024 0,005
test21-2-4-a-Q71 828,98 0 20,63 14 1,46 20,43 14 7 0,20 828,08 828,98 5,44 0,54 5,40 10 5 0,025 0,005
test21-3-2-a-Q71  1088,36 0 94,43 267 0,35 92,64 267 89 1,79 1088,36  1088,36 21,96 0,08 20,83 255 85 0,882 0,010
test21-3-3-a-Q71  1088,36 0 146,53 255 0,57 145,09 255 85 1,44 1088,36  1088,36 34,86 0,13 33,83 252 84 0,782 0,009
Q 1088,36 0 232,19 273 0,84 230,51 273 91 1,68 1088,36  1088,36 62,54 0,24 61,30 255 85 0,934 0,011
125347 0 874,89 3568 0,24 840,11 3568 892 34,77 125347 125347 2068,56 0,06 601,90 9568 2392 1456,518 0,609
test21-4-3-a-Q71 125347 0 2047,64 4380 0,46 2004,83 4380 1095 42,81 125347 125347 6050,05 0,13 1842,35 14044 3511 4189,595 1,193
test21-4-4-a-Q71 125347 0 3117,08 4056 0,76 3080,22 4056 1014 36,86 125347 125347 6277,35 0,20 2814,19 14164 3541 3443,654 0,973
test31-5-2-a-Q80  1775,57 1 7222,39 7630 0,93 7071,72 7630 1526 150,67 1737,06 0 7207,36 0,60 4478,60 7465 1493 2695,302 1,805




Therefore, to expedite the algorithm, we attempted to enhance the LB by incorpo-
rating cuts derived from the dual of the LP relaxation of the subproblem at each
iteration. However, this approach did not yield any significant improvement in the
LB and the cuts appeared to be redundant. we also aimed to enhance the speed of
solving the VRP subproblem. Initially, we applied an exact column generation algo-
rithm for this purpose. However, our proposed column generation approach did not
yield significant improvements in solution time. Consequently, we opted to refine
and adapt it specifically for the PVRP problem, aiming to solve the PVRP directly

using the column generation algorithm.

Table 4.2 Comparison of results obtained by UC1 and BAC

UcC1 BAC

Tnstance OFV  RunTime (s) OFV ~ Gap RunTime (s) # Opt_cut # feas cut Avg VRP Time Total VRP time # callback
test11-2-2-a-Q51 620,48 0,97 62048 0 0,49 14 0 0,03 0,41 7
test11-2-3-a-Q51 620,48 1,73 62048 0 0,99 14 0 0,07 0,94 7
test11-3-2-a-Q51 834,96 1,56 83496 0 2,97 81 0 0,03 2,76 27
test11-3-3-a-Q51 834,96 8,22 83496 0 4,72 78 0 0,06 4,53 2
test11-4-2-a-Q51  1043,91 1,08 104391 0 3,42 156 0 0,02 3,16 39
test11-4-3-a-Q51  1043,91 258 104391 0 6,21 156 0 0,04 5,94 39
test11-5-2-a-Q51 1083,97 7,84 1083,97 0 34,31 1300 0 0,02 30,44 260
test11-5-3-a-Q51 1083,97 99,11 1083,97 0 51,34 1170 0 0,04 47,19 234
test21-2-2-a-Q71 828,98 3,50 828,98 0 7,26 10 0 0,71 7,07 5
test21-2-3-a-Q71 828,98 2,77 828,98 0 16,88 14 0 1,19 16,68 7
test21-2-4-a-Q71 828,98 34,81 828,98 0 20,63 14 0 1,46 20,43 7
test21-3-2-a-Q71 1088,36 4,52 1088,36 0 94,43 267 0 0,35 92,64 89
test21-3-3-a-Q71 1088,36 42,84 1088,36 0 146,53 255 0 0,57 145,09 85
test21-3-4-a-Q71 1088,36 106,75 1088,36 0 232,19 273 0 0,84 230,51 91
test21-4-2-a-Q71 1253,47 75,94 1253,47 0 874,89 3568 0 0,24 840,11 892
test21-4-3-a-Q71 1253,47 333,03 1253,47 0 2047,64 4380 0 0,46 2004,83 1095
test21-4-4-a-QT71 1253,47 7200,28 1253,47 0 3117,08 4056 0 0,76 3080,22 1014
test21-5-2-a-Q71  1729,00 1274,06 1729,00 0 5455,50 4230 0 0,47 1995,94 846
test21-5-3-a-Q71 1729,00 7200,33 1729,00 0,01 7200,11 3930 0 0,92 3605,06 786
test21-5-4-a-QT71 1729,00 7200,42 1729,19 0,03 7200,08 3645 0 1,53 5591,05 729
test31-2-2-a-Q80 841,63 15,02 841,63 0 67,92 28 0 2,40 67,33 14
test31-2-3-a-Q64 917,28 1735,72 917,28 0 3473,66 340 0 10,21 3469,77 170
test31-2-4-a-Q64 911,89 7200,34 915,76 0,49 7441,98 274 0 27,15 7438,55 137
test31-3-2-a-Q80  1190,97 69,66 1194,00 0,33 7234,07 5352 0 1,34 7167,08 1784
test31-3-3-a-Q64 1285,54 7200,36 1308,86 0,67 7208,20 1719 0 4,18 7190,13 573
test31-3-4-a-Q64 1288,27 7200,55 1348,55 0,68 7777,21 495 0 15,70 7770,73 165
test31-4-2-a-Q80  1625,85 7200,41 1626,00 0,73 7257,50 5032 0 1,43 7183,47 1258
test31-4-3-a-Q64 1742,31 7200,55 1785,83 0,76 7210,22 1168 0 6,16 7191,30 292
test31-4-4-a-Q64  1752,70 7200,63 1803,94 0,88 7549,22 452 0 16,69 7542,50 113
test31-5-2-a-Q80  1673,06 7200,58 1775,57 1 7222,39 7630 0 0,93 7071,72 1526
test31- a-Q64  1780,61 7200,75 1885,27 1 7327,73 2705 0 2,70 7294,22 541
test31-5-4-a-Q64  1809,47 7200,73 1909,31 1 7259,48 1250 0 5,80 7245,22 250
test41-2-2-a-Q180 871,32 162,58 871,32 0 11068,60 2252 0 4,90 11029,60 1126
testd1-2-3-a-Q150 889,32 3329,77 889,76 0,52 14837,66 636 0 23,31 14824,23 318
testd1-2-4-a-Q60  1089,37 14400,63 _ _ _ 15 0 2016.66 30249.98 8
test41-3-2-a-Q180  1185,19 454,86 1247,09 14439,33 4149 0 3,46 14339,64 1383
test41-3-3-a-Q150  1214,05 14400,59 1267,27 1 14658,58 939 0 15,59 14643,01 313
test41-3-4-a-Q60 1542,96 14400,96 o o o 12 0 1604.34 19252,09 4
test41-4-2-a-Q180  1460,46 6959,16 1527,26 0,78 14446,12 6168 0 2,31 14270,43 1542
test41-4-3-a-Q150  1476,33 14401,06 1606,61 1 14478,00 1684 0 8,58 14441,42 421

4.2 Heuristic Column Generation Approach in Solving Periodic Vehicle
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Routing Problem

4.2.1 Problem Definition and Formulation

PVRP can be defined on a complete undirected graph G = (N,E) with N =
{0,1,...,n} being the set of nodes, where node 0 represents the depot and the
nodes in the set N. = {1,...,n} correspond to the customers. The set of edges is
given by F ={e C N :|e|] =2}. Each edge e is associated with a non-negative cost
ce. Let T'={1,...,7} denote the set of time periods defining the planning horizon.
A fleet of homogeneous vehicles K = {1,...,k}, each having a capacity of @ units, is
available to serve the customers. Associated with every customer ¢ € N, is a demand
d; for each visit, and a predefined set of possible visit schedules ;. A given schedule
p € P; consists of the specific days on which the customer should be visited, i.e.,
pCT.

Let €2 be the set of all feasible routes, which is exponentially large. For each route
r € () its cost is ¢,. Let also ;- and 3, be binary constants and indicate whether
customer 7 is visited by route » and whether day ¢ is in combination p € P;, respec-

tively.

The following decision variables are used in the integer master problem (IMP) for
the PVRP; x, is a binary variable which is equal to 1 if route r is traversed on day
t, otherwise 0, s;, is a binary variable which is equal to 1 if combination p € F; is

chosen for visiting customer ¢ € N, and 0 otherwise.

We formulate MIP for the PVRP as a set-covering model as follows:

(4.31) minimize Z ngrt,
reQteT
(4.32) subject to > s; >1 Vi€ N,
pEPR;
(4.33) Z OUirXpt — Z Bptsip >0 Vie N, VteT,
reQ peP;
(4.34) > <k vteT,
ref)
(4.35) zpe € {0,1} VreQVteT,
(4.36) sip € {0,1} Vi € N.,Vp € P;.

The objective function (4.31) minimizes the total routing cost. Constraints (4.32)
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ensure that at least one allowable visit schedule is selected for each customer. Con-
straints (4.33), which relate the routes and the visit combinations, ensure that every
customer is visited by at least one route on each day belonging to its allowable visit
schedules. Constraints (4.34) guarantee that the number of vehicles that can be
used on any day of the planning horizon cannot exceed the fleet size k. Constraints

(4.35) and (4.36) specify the domain restrictions on the variables.

4.2.2 Column Generation

As there are exponentially many variables (columns) corresponding to routes, it is
not tractable to solve the set covering problem (4.31-4.36) directly. Therefore, we use
a Column generation technique based on the following principle. We introduced the
Restricted Master Problem (RMP) as the linear relaxation of (4.31-4.36) in which

the initial columns set is ' C Q.

(4.37) minimize Z Zg}xrt,
reQ) teT
(4.38) subject to > s >1 Vi e N,
pEPR;
(4.39) Z Qi Tt — Z Bptsip >0 Vie N, VteT,
reQ) peP;
(4.40) d an <k vteT,
req)
(4.41) xpt >0 Vre Q' VteT,
(4.42) Sip > 0 Vie N.,Vp e P;.

Let D-RMP(€) be the dual program of the RMP():
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(4.43) maximize » a;+ ¥ Ko,

ieC tel
(4.44) subject to a; — Y Byt <0 Vi€ N, Vp' € P,
teT
(4.45) S apdit A <G VreQ vteT,
1E€N,
(4.46) a; >0 Vi € N,,,
(4.47) it >0 Vie N, VteT,
(4.48) Aot <0 VteT,

in which «;, Vi € N, are the non-negative dual variables associated to constraints
(4.38), N\it, Vi € N.,Vt € T are the non-negative dual variables associated to con-
straints (4.39), and Ao, Vt € T' are the non-positive dual variables associated to
constraints (4.40).

4.2.3 Pricing Subproblem

The subproblem aims to find routes r € 2\ €’ such that

1€N,

In other words, this condition is:

(4.50) > bijre(cij —Aj) <0,
(1,7)€A

where b;j,+ = 1 if on day t route r uses arc (4,7), otherwise 0. Inequality (4.50) is
equivalent to

AL+ A
(4.51) Z bz‘jf,«t(cij— it 9 Jt) <0

(i,j)EA

According to inequality (4.51) the subproblem reduces to an elementary shortest-
path problem with resource constraints (ESPPRC). The ESPPRC holds for each
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day t € T. One has to find a path without cycles from the depot to the depot,

respecting the maximum vehicle capacity limit with a negative cost, where costs are

defined as

. At + A

(4.52) Cijt = Cjj — 5 Vie NNVjeNNVteT.

We solve the ESPPRC using a dynamic programming-based approach, ng-route
decremental state-space relaxation (DSSR), and completion bounds (Martinelli
et al., 2014). In DP-based methods, new paths, represented by labels, are con-
structed from the depot to its duplicate. For each customer ¢ € N, let N; C N, be a
subset of customers associated with ¢. This association can be defined by proximity,
meaning /N; includes the nearest customers to ¢, including ¢ itself. These subsets are
known as ng-sets, representing the customers that customer ¢ can "remember." The

size of each ng-set V; is constrained by A(XV;), a predefined parameter.

Consider a path P = (0,71,...,ip—1,%p). The components of a label L(P) =
(ip,d(P),II,,Cp) corresponding to path P are defined as follows:

 ip: the last customer assigned to path P,
e d(P): the total demand serviced by path P,

o II,: the prohibited extensions (the “memory”) of path P, defined as

(453) 0, = {ir € CP\ i} sine () NohU{iy)
s=k+1

where
o C(P) is the set of customers visited by path P,
o C): the total cost of path P.

A label L(P) can be extended to include a customer ipq if ipp1 ¢ II, and
d(P)+d;,,, <Q. When extended, i,+1 becomes the last customer in the new path
P =(0,i1,...,ip,ipt1), and the new label L(P') is derived from L(P) through the

following updates:

(454) L(P/) = (Z'p"rlv d(P)+dip+17 HpmNipJ,_l U{ip+1}7 Op+cipip+1)
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The adapted DSSR is an iterative algorithm that initially relaxes the state space
of the original ng-sets N;. During each iteration k, it replaces NN; with subsets
I'¥ C N.. These subsets T'¥ are used in place of N; in the definition from Eq. 4.53
and in creating new labels as specified in Eq. 4.54. Initially, the algorithm starts
with F? as an empty set and runs the dynamic programming algorithm. Since the
optimal routes identified by this process may not be ng-routes with respect to the
original ng-sets IV;, their feasibility must be verified before accepting them as the
pricing solution. This verification is conducted, and the subsets Ff are updated
if necessary. If any subset Ff: is modified at the end of iteration k, the dynamic

programming algorithm is rerun with the updated subsets Ff“.

DSSR and the ng-route relaxation aim to keep this set as small as possible
without losing the elementarity of the routes. DSSR ensures elementarity, whereas

ng-route relaxation does not guarantee it.

To preserve elementarity, Martinelli et al. (2014) propose a modified approach
where the sets, though functioning similarly, are not strictly subsets of the original
neighborhoods. The update procedure is triggered whenever a cycle is detected.

This method does not utilize ng-routes, resulting exclusively in elementary routes.

In another study, Dayarian et al. (2015) addresses the prevention of non-
elementary optimal paths while employing ng-routes differently. If the algorithm
identifies a non-elementary ng-route, it does not allow it to terminate convention-
ally; instead, an additional layer of DSSR is applied. Consequently, any repeating
vertex ¢ within a valid ng-cycle is designated as critical and incorporated into all
applicable neighborhoods I'j, j € N as if j € N;. This supplementary step ensures
the elementarity of all columns, thereby enhancing the lower bound. Algorithm 1

employs this strategy to uphold elementarity.

As we observed, when the A (the size of each ng-set) is small, the size of I';,
i € N increases rapidly. So, we extend I' only according to invalid ng-cycles and
keep critical customers in set S. Set S are the customers for which a customer-visit
resource is maintained. We start with S = () and update S at the end of each label
setting iteration that returns a non-elementary ng-route. Suppose that the state
corresponding to a given path p is described by the label vector U = (Uy, ..., U 5|).
if ¢k, is the k" customer added to S, then Uy shows whether customer ¢y, is included
in the path p or not. We also have to respect these limits while constructing resource-
feasible paths. We refer to this approach as a hybrid NG-customer-visit resource

approach and use it in Algorithm 2 to maintain elementarity.

We employ a matrix-based data structure of dimensions |N| x @ to store the
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labels on the graph. Each cell (7,¢) in this matrix contains a list of all labels ending
at node ¢ € N with an accumulated load of ¢, where 0 < ¢ < ). This structure’s
benefit lies in the fact that, since each cell contains labels with identical loads, the
labels can be compared using classical dominance rules. However, the drawback
is the extensive number of labels stored. At any given node i, some labels in cell
(i,q) might dominate labels in cells (i,¢) for ¢ > q. This dominance is not detected

because the verification process only considers labels within the same cell.

To decrease the number of possible paths, we incorporate specific dominance rules
in Algorithm 1, described as follows. Suppose we have two paths with labels L(P;)
and L(P»). Path P; dominates path P if it can achieve every possible extension of

P at an equal or lower total cost. For this to be valid, two conditions must be met:
« Up <Cp, and
. H(Pl) - H(PQ).

In Algorithm 2 besides the mentioned dominance rules an additional rule is also
needed to be checked. Path P; is said to dominate path Ps if U # Uy and U{f < Uf

for k=1,...,|S|, where k is the number of resources.

4.2.3.1 Acceleration Methods

In each iteration, it is not necessary to return the column(s) with the most
negative reduced cost. It is sufficient to return (at least one) column(s) with a
negative reduced cost if one exists. Adding any negative reduced cost column instead
of the most negative reduced cost column may lead to a smaller change in the value
of the solution and consequently increase the number of pricing iterations to reach
the optimal solution. However, the reduction in the solution time of each pricing
iteration can lead to less overall computation time. This concept can be applied
simplistically by observing that many negative reduced-cost paths are usually found

during the first few label-setting iterations.

Therefore, we implement the algorithm in such a way that we collect elemen-
tary negative reduced cost paths found in each iteration and sometimes terminate
the algorithm prematurely, i.e., before there has been a finding of the most nega-
tive reduced cost column, and instead return the top specific number of collected

elementary negative reduced cost columns (Ozbaygin et al., 2017).

The second useful idea comes from another observation: duals are updated after
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each pricing iteration, which means that some elementary paths may have non-
negative reduced costs in one pricing iteration, but negative reduced costs in the next
iterations. Thus, after the last label setting iteration, non-dominated elementary
paths with non-negative reduced costs are kept in a column pool (Ozbaygin et al.,
2017). Each pricing iteration starts with an evaluation of the columns in the pool
to confirm if they (now) have a negative reduced cost. Keeping a maximum number
of columns prevents the column pool from becoming too expensive to explore. If
the maximum pool size is exceeded after a pricing iteration, the oldest columns are

removed and the new ones are added until the desired pool size is reached.

It is also possible to detect negative reduced cost columns quickly by using
heuristics before invoking the exact pricing algorithm (Ozbaygin et al., 2017). To this
end, we implement a truncated version of the dynamic programming-based approach
in which each cell (7;¢) of the matrix can keep a limited number of efficient labels (we
refer to it as bucket length). Each time a new label is added to the list of efficient
labels, we discard the one with the largest cost if the number of labels exceeds the
limit. In this way, fewer labels are treated at each label setting iteration which
can facilitate faster detection of negative cost elementary paths. Again, excluding a
part of the solution space may come at the expense of performing more iterations,
i.e., there is a trade-off between the number of efficient labels maintained and the

number of label setting iterations performed.

Briefly, we attempt to identify negative reduced cost columns by first exploring
the column pool, then implementing the truncated-search version of the dynamic
programming algorithm, and finally implementing the full-search version of the dy-
namic programming algorithm if the other approaches fail. After finding a prede-
termined number of elementary negative reduced cost columns, we terminate any

pricing iteration further to control time.

4.2.4 Integer solution

When the optimal solution to the master problem is fractional, We solve the
following RMP where €’ consists of all columns generated during the column gen-

eration phase.
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(4.55) minimize Z Z@xm

reQ/teT
(4.56) subject to Y s =1 Vi e N,
peEPR;
(4.57) Z iy Tyt — Z Bptsip >0 Vie N, VteT,
reQ) peEP;
(4.58) Z Trt < K VteT,
re)
(4.59) xe € {0,1} VreQ vteT,
(4.60) sip €{0,1} Vi€ N.,Vp € P,.

Due to the inequality (4.57), the model has the chance of selecting routes for
each day with less cost although some routes may contain customers that are not
assigned to those days. We get the solution from the model and create a new (2
containing the routes in the solution plus some extra routes which are generated
by editing the routes containing customers who are visited more than their corre-
sponding frequencies. We consider all the customers’ combinations, who are visited
more than their corresponding frequencies while generating new routes. Then, we
change the sign of (4.57) to equality and solve the model one more time with new

(2 to obtain a feasible solution for the problem.

4.2.5 Computational Results of the Column Generation Algorithm

15 benchmark instances from the S1 dataset were used to test our algorithms
since vehicles have a small capacity and these algorithms are suitable for solving
them. All computational experiments are carried out on a virtual machine with
Intel Xeon CPU E5-2640 processor with 2.60 GHz speed, 16 GB RAM, and 64-bit,
using Julia 1.8.3.

Table 4.3 describes the chosen instances of data set S1 for the PVRP, where n
is the number of customers, m is the number of vehicles that can be used, t is the
number of days in the planning horizon, ) is the maximum capacity of the vehicles,

and f; is the number of customers that must be visited ¢ times.

In the implementation, we set the bucket length to 2. The run time is limited

to 4 hours. In Table 4.4, the first column lists the instance names. The second
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Table 4.3 Instance description

Service frequency

Instance n m t Q

f1 2 f4 16
14 20 2 4 20 8 8 4
15 332 4 30 16 16 6
16 56 2 4 40 24 24 8
17 40 4 4 20 16 16 8
18 % 4 4 30 32 32 12
21 60 6 4 20 24 24 12
24 51 3 6 20 36 9 _ 6
25 5. 3 6 20 36 9 6
26 51 3 6 20 36 9 _ 6
27 102 6 6 20 72 18 12
28 102 6 6 20 72 18 _ 12
29 102 6 6 20 72 18 12
30 153 9 6 20 108 27 __ 18
31 153 9 6 20 108 27 18
32 153 9 6 20 108 27 18

and third columns display the results reported by Baldacci et al. (2011) and Vidal
et al. (2012) for these instances, with Vidal’s results representing the best-known

solutions in the literature.
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Table 4.4 Results of Algorithm 1 and Algorithm 2 for Various A Values with Bucket Length of 2

bucket length = 2

A=4 A =38 A =16
Instance Baldacci et al. (2011) Vidal et al. (2012) OFV Time Alg.1 Time Alg.2 OFV Time Alg.1 Time Alg.2 OFV Time Alg.1 Time Alg.2
P14 954.81 954.81 954.81 15.49 14.71 954.81 22.47 19.32 954.81 23.54 24.387
pl5 1862.63 1862.63 1862.63 188.82 178.67 1862.63 651.99 598.97 1862.63 546.17 530.025
P16 2875.24 2875.24 2875.24 530.14 393.09 2875.24 856.73 934.96 2875.24 1001.02 1113.52
P17 1597.75 1597.75 1597.75 158.38 121.73 1597.75 125.00 123.91 1597.75 167.93 172.626
P18 3136.69 3131.09 3169.05 1973.81 1894.89 3169.05 4372.64 3932.763 3177.71 5342.19 5117.37
P21 2170.61 2170.61 2172.74 655.67 520.15 2172.74 654.19 674.088 2199.837 693.65 734.423
P24 3687.46 3687.46 3687.46 234.91 192.77 3687.46 254.05 229.30 3687.46 276.887 304.653
P25 3777.15 3777.15 3781.38 174.33 135.24 3781.38 174.67 163.073 3789.004 202.038 238.55
P26 3795.32 3795.32 3795.32 115.54 116.37 3795.32 193.77 170.45 3795.32 201.10 193.873
P27 21912.85 21833.87 21941.30 6332.57 5282.01 21954.37 3641.29 3205.785 21948.45 3710.25 3411.398
P28 22242.51 22242.51 22242.51 1612.38 1551.74 22242.51 2369.47 2050.863 22242.51 2003.55 1931.457
P29 22543.76 22543.76 22543.76 1998.62 2076.83 22543.76 2536.33 2167.619 22543.76 2456.98 2010.475
P30 74464.26 73875.19 74944.79 14400.00 74728.26 14400.00 14400.00 74848.32 14400.00 14400.00
74393.49 14400.00
P31 76322.04 76001.57 76287.97 14400.00 14400.00 76391.87 14400.00 76248.73 14400.00 11342.06
76333.32 14400.00
P32 78072.88 77598.00 77833.57 14400.00 77794.69 14400.00 14400.00 77755.90 14400.00 11309.20
77759.79 14400.00




Following these, there are three blocks of three columns each, corresponding to
specific A values (4, 8, and 16). Within each block, the first column shows the
objective function value (OFV), the second column reports the runtime for Algo-
rithm 1, and the third column reports the runtime for Algorithm 2. For problem
instances p30, p31, and p32, if the solutions of Algorithm 1 and Algorithm 2 dif-
fer, the solution from Algorithm 2 would be reported in a separate row below the
original. Bold values indicate that the results match the best-known solutions in
the literature. Bold and Underlined values indicate that our algorithm outperforms

Baldacci’s results but does not surpass Vidal’s results.

As it is evident from the Table 4.4, Algorithm 2 generally outperforms Algorithm
1 in terms of runtime. The € set at the end of the Column Generation phase is
identical for both algorithms. Since Algorithm 2 is frequently faster during the
Column Generation phase, this advantage allows Algorithm 2 more time after the

Column Generation phase to find the integer solution.

Considering the best solution obtained from the algorithms for each instance, the
average percentage deviation of them from Vidal’s results is approximately 0.21%.
The relatively low average deviation (0.21%) indicates that the solutions produced
by the algorithms are very close to the best-known solutions provided by Vidal,

showing a high level of performance and accuracy.

o For 9 out of the 15 instances, the OFV exactly matches Vidal’s results, result-
ing in a 0% deviation. These instances are pl4, pl5, p16, pl7, p24, p26, p28,
and p29.

o Most deviations from Vidal’s results are small, typically under 0.5%. This
suggests that the solutions are very close to the best-known solutions in the lit-
erature. Specifically p21 (0.098%), p25 (0.112%), p27 (0.492%), p31 (0.325%),
p32 (0.203%).

o There are two instances with deviations greater than 0.5%, p30 (0.702%) and
pl8 (1.212%).

In summary, the proposed algorithms yield results that are very close to the
best-known solutions in the literature, with an average deviation of only 0.21%.
This underscores the algorithm’s effectiveness, as most instances exhibit either no

deviation or only slight deviations from the best-known solution in the literature

4.3 Conclusions
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In the first part of the chapter, we proposed the LBBD and BAC algorithms to
solve the PVRP. Computational results demonstrate that BAC outperforms LBBD
in medium-sized instances. However, a comparison between the BAC algorithm and
the UC1 formulation reveals that the convergence of BAC to the optimal solution

is slow, and the time required to solve the VRP subproblem is considerable.

To expedite the algorithm, we aimed to enhance the speed of solving the VRP
subproblem. Initially, we applied an exact column generation algorithm for this
purpose. Unfortunately, our proposed column generation approach did not yield
significant improvements in solution time. Consequently, we refined and adapted
this approach specifically for the PVRP problem, aiming to solve the PVRP directly

using the column generation algorithm.

In the second part of the chapter, we propose a column generation-based heuristic
to solve the PVRP. In the pricing problem, we applied Martinelli et al. (2014)
algorithm. However, to maintain elementarity in solving the pricing sub-problem,
we applied two different approaches: one proposed by Dayarian et al. (2015) and a
hybrid approach. At the end of the algorithm, if the optimal solution to the master
problem is fractional, we solve the integer RMP, allowing visits to customers more
frequently than their specified frequencies. Based on this solution, we generate a
new (2 and enrich it with additional columns. We then resolve the problem using
the updated €.

The results show that the proposed algorithm produces results very close to the
best-known solutions in the literature, with an average deviation of only 0.21%. This
highlights the effectiveness of the algorithm, especially given that most instances
show either no deviation or very minor deviations from the best-known solution in

the literature.

Time window and non-crossing intra-route constraints can be seamlessly inte-
grated into the proposed algorithm by incorporating them directly into the pricing
problem. This approach ensures that these constraints are enforced during the col-
umn generation process. However, integrating non-crossing inter-route and driver
consistency constraints requires a different approach. These constraints need to be
included in the master problem, where the master problem verifies the absence of
arc intersections between different routes. As the size of 2 increases, this verification

process can become computationally intensive.

Future research can explore various algorithmic enhancements to improve the
performance of the column generation approach. These include the implementation

of cutting planes, advanced branching strategies, and sophisticated data structures
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for label storage during the pricing stage. Additionally, the integration of meta-

heuristics could further enhance the efficiency and effectiveness of the method.
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5. A Parallel Tempering-based Adaptive Large Neighborhood Search

Algorithm for a Periodic Vehicle Routing Problem with Time

Windows and Visual Attractiveness constraints

5.1 Problem Definition and Formulations

In this section, we define and formulate PVRPTW and PVRPTWDCVA problems.
PVRPTW formulation is the extension of the directed cut-based formulation for
the PVRPTW in which we also consider the tour duration constraint. Then we
extend the PVRPTW formulation to the PVRPTWDCVA formulation by adding
constraints that prevent both inter-route and intra-route crossings, while also en-

suring driver consistency.

5.1.1 Mathematical Formulation for PVRPTW

Assume D is the maximum allowable route duration. The PVRPTW considering

route duration restriction can be formulated as follows:
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(5.6)

(5.7)

(5.8)

(5.9)

minimize

subject to

YD D cijijiks

(i,j)EAtET ke K
Z Sip =1
PEPR;

Do Sip= D Zith
peP;:teP keK

> zigpdi < Quy,

1€ Ne

Z Tijtk = Zitk
JeN\{i}

Z Tjitk = Zitk
JeN\{i}

Wigy + i+ Cij — Wi < (1 —x450) M

Wik +1i + cio— Lo < (1 —ziou) M

Ei Y ikt < Wi < Li Y Tijie

JEN

Witk + 15+ cio — work < D

Sip € {07 1}
Tijtk € {0, 1}

Zitk € {07 ]-}

Vgl € {07 1}
Wiz > 0

Vi € Ng,

Vie N VteT,
Vke K,VteT,
Vie NVke K,

VeT,
Vie N\Vk € K,

VteT,
Vi e N,Vje N,
Vke K,VteT,

Vi € N.,Vk € K,
VteT,

Vie NVkeK,

VieT,

Vi e N.,Vk € K,
VteT,

Vi € N.,Vp € P;,
Vi,j e NVkeK,
VteT,

Vi e N.,Vk € K,
VteT,

Vke K,VteT,
Vie NVke K,
VieT.

The objective function (5.1) minimizes the total routing cost. Constraints (5.2) en-

sure that an allowable visit schedule is selected for each customer. Constraints (5.3)

relate the customer visit variables and the schedule selection variables. Constraints
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(5.4) are the vehicle capacity restrictions. Any customer to be served on a given
day will be visited exactly once due to constraints (5.5) and (5.6), which, together,
imply vehicle flow conservation. Constraints (5.7)—(5.9) guarantee the feasibility of
the tours with respect to time window restrictions. Constraints (5.10) are the route
duration restriction. Constraints (5.11)—(5.15) specify the domain restrictions on

the variables.

5.1.2 Mathematical Formulation for PVRPTWDCVA

In this section, we aim to propose a new formulation that focuses on enhancing
the visual appeal of solution routes by avoiding inter and intra-route crossings and
ensuring driver consistency. In addition to the previously defined x, w, 2z, and v
variables used in the PVRPTW formulation, we define s;,, which is equal to 1 if
schedule p € P; is chosen to visit customer ¢ € N,, and if all visits in that schedule
are done by vehicle k € K, and 0 otherwise. In the following model, the additional
input data §(¢,j,m,n) is considered, which takes the value 1 if arcs (¢,7) and (m,n)
intersect. To ensure non-crossing routes, at most one of any pair of intersecting arcs

can be included in the solution.

The PVRPTWDCVA formulation is as follows;
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(5.16) minimize Y > Y cijTijik,

(i,j)eAteT ke K
(5.17) subject to Z Z Sipk = 1 Vi € N,
pEP; ke K
(5.18) Z Sipk = Zitk Vi e N, VteT,
peP;:teP
Vk e K,
1€N,
(5.20) Z Tijtk = Zitk Vi e N,Vk € K,
JeN\{i}
VieT,
(521) Z Tjitk = Zitk Vie NVk e K,
JEN\{i}
VteT,
(5.22) . ikt D Tkt
keK keK
mentk"i_ Zl'nmtkgl ViajamvnENca
keK keK
VteT,
Zf 6(i7j7m7n) =1,
(5.23) Witk +Ti + Cij — Witk < (1 _mijtk)M Vi e N,Vj e N,
Vke K,VteT,
(5.24) Wik, + 13+ cio — Lo < (1 —zio) M Vi € Ne,Vk € K,
VieT,
(5.25) E; Z Tijkt <wpr < L Z Tijkt Vie NVk e K,
JEN JEN
VieT,
(5.26) Witk + 75 + Cio — wore < D Vie N.,Vke K,VteT,
(5.27) Sipk € {0,1} Vi e N.,Vp € P;,Vk € K,
(5.28) ziju € {0,1} Vi,je NNVke KVteT,
(5.29) Zitk € {0, 1} wi >0 Vie N.,Vke K.VteT,
(5.30) v € {0,1} Vke K,VteT.

The objective function (5.16) minimizes the total routing cost. Constraints (5.17)

ensure that each customer is serviced by one vehicle, and following one of its al-
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lowable visit schedules. Constraints (5.18) relate the customer visit variables and
the schedule selection variables. Constraints (5.19) are the vehicle capacity restric-
tions. Any customer to be served on a given day will be visited exactly once due to
constraints (5.20) and (5.21), which, together, imply vehicle flow conservation. The
constraints (5.22) indicate that at most one of the arcs (i,j), (j,i), (n,m), and (m,n)
can be in the solution if they intersect. Constraints (5.23)—(5.25) guarantee the
feasibility of the tours with respect to time window restrictions. Constraints (5.26)
are the route duration restriction. Constraints (5.27)—(5.30) specify the domain

restrictions on the variables.

5.2 Adaptive Large Neighborhood Search

Given the intractability of the problem for large instances, we develop an ALNS-
based metaheuristic approach to solve it. ALNS a metaheuristic algorithm utilized
for solving combinatorial optimization problems, takes an initial solution and in an
iterative process explores different neighborhoods of a given solution in the hope of
finding an enhanced solution (Ropke and Pisinger, 2006). ALNS explores the search
space by adjusting the current solution at each iteration using a strategy called the
"Destruction and Construction" principle. Destruction pertains to removing a part
of the current solution, while construction involves generating a new solution by
rebuilding the destroyed portion. Appropriate heuristics are utilized to carry out
destruction and construction tasks. These heuristics are selected at each iteration
using a biased random mechanism known as the roulette-wheel. This mechanism
favors the heuristics that have demonstrated success in recent iterations based on

specific criteria, such as improvement in solution quality.

Here are some more common characteristics that can vary between ALNS imple-
mentations (Voigt, 2024).

« Search space

— Feasible solutions only: The approach only considers solutions that meet

all constraints and requirements.

— Penalized infeasible solutions™: Infeasible solutions are allowed but pe-
nalized by a generalized cost function, allowing the algorithm to explore

a wider range of solutions.
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Algorithm 3 ALNS

1: s,8" < initial solution

2: Initialize the weights and Set parameters T', ¢,0,7,c, MaxIter
3. atr <0
4: segmentlter,seg <1
5: Flag < false
6: while iter < MaxIter do
T S+ s
8: counter <1
9: while counter % ¢ #0 do
10: q < select the maximum number of customers to remove
11: Opr < select an operator
12: s < Opr(s,q)
13: if f(s') < f(5) then
14: G s
15: end if
16: counter <— counter + 1
17: end while
18: if f(8) < f(s*) & §is feasible then
19: 8,8« 3§
20: segmentlter <1
21: Flag < true
22: else if f(5) < f(s*) & & is not feasible then
23: s+ 8
24: else -
. . _ 1) —f(s)
25: if unif(0,1) <e 7 then
26: s+ §
27: end if
28: end if
29: Update the score of operation Opr
30: if segmentlter == 9§ then
31: if Flag == true then
32: ", IsReduced + VehicleNumberReduction(s*)
33: if IsReduced then
34: s,8% s
35: segmentlter <1
36: else
37: T+ cT
38: seg < seg+1
39: end if
40: else
41: T+ T
42: seg < seg+1
43: end if
44: end if
45: if seg%vy == 0 then
46: Update the weights
47: end if
48: iter < iter +1
49: segmentlter < segmentlter +1

50: end while
51: Return s*
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— Single solution: In each iteration, only one new solution is generated and

it is accepted as the current solution based on the acceptance criteria.

— Parallel solutions*: In each iteration, multiple solutions are generated

from the current solution, and the best solution among them is accepted

as the current solution based on the acceptance criteria.
Initial solution

— Feasible initial solution®: The algorithm starts with a feasible initial

solution.

— Infeasible initial solution: The algorithm starts with an infeasible initial

solution.
stopping criteria
— Time limit: The algorithm stops after a specified amount of time.

— Maximum number of iterations™: The algorithm stops after reaching a

certain number of iterations.

— Maximum number of iterations without improvement: The algorithm

stops if no improvement is made after a certain number of iterations.

— Temperature in simulated annealing: The algorithm stops when the tem-

perature in simulated annealing reaches a certain threshold.
operation selection

— Independent selection: The operators may be selected independently (i.e.,

there are two roulette wheels, one for destroy and one for repair operators)

— Pair-wise selection™®: There is only one roulette wheel selecting a destroy-

repair pair.

Number and type of destruction/construction operators Specifies the

number and type of operators used to explore and exploit the search space.
Local search
— None: No local search is performed.

— When criteria are met*: Local search is performed when specific criteria

are met to improve the current solution.
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— All solutions: Local search is performed on all solutions generated by the

algorithm.
e Acceptance criteria

— Simulated annealing®: The algorithm uses simulated annealing to accept

or reject new solutions based on a temperature parameter.

— Record to record: A new solution is accepted if the absolute gap between

the candidate and the best or current solution is smaller than a threshold.

— Hill climbing: It accepts only progressively better solutions, discarding

the ones that result in a worse objective value.
o Parameter update

— After every iteration: Parameters are updated after each algorithm iter-

ation.

— After a search segment™: Parameters are updated after completing a

search segment within the algorithm.

The characteristics that we applied are shown with %. The overall framework of
our algorithm is reported in Algorithm 3. First, we initialize the hyper-parameters
for the ALNS. Then, we create an initial solution (Section 5.2.1) and set it as the
current solution. At each iteration, we explore the neighborhood of the current
solution, generating potentially ¢ new solutions. New solutions are obtained by
applying an operator opr € €2 to the current solution, where {2 is the set of all
operators. Contrary to classical ALNS, the operators are built through coupling each
combination of destruction and construction heuristics. (A similar idea of pairing
heuristics was used by Dayarian et al. (2016) for MVRP) The main advantage is
that we can weigh the performance of each (destruction-construction) pair. We select
the operator to apply to the solution of the current iteration via a roulette-wheel

mechanism.

Following this, the best solution (§) among the ¢ solutions found is accepted as the
current solution (s) depending on acceptance criteria. In case a new best feasible
solution has been found the best feasible solution s* and current solution s are
updated and segmentlter, which counts the number of consecutive iterations in
which the best feasible solution is not improved, is set to 0. In other cases, we
always accept the superior solution right away and accept worse solutions under
the Metropolis criterion like in simulated annealing (Kirkpatrick et al., 1983) with a
probability of e~ (f(8)=f(s))/ T depending on the cost difference to the current solution
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s and the temperature T. Then, we update the score of operations. Each time the
best feasible solution is not improved in § consecutive iterations one segment in the
algorithm is completed. At the end of each segment, if a superior feasible solution is
found the algorithm enters the route reduction phase and accepts the solution with
less number of routes as the best feasible solution. Otherwise, the cooling procedure

is applied. We update the weights of the operators every ~ segment.

5.2.1 Initial Solution

To generate an initial solution, customers are initially allocated to days based on
their available schedules. Subsequently, they are sorted by proximity to the depot,
from nearest to farthest. The process commences with an empty route for each
day. It iterates through the list of customers, selecting the closest one to the depot.
If this customer can be placed within the same route on their assigned days while
adhering to all constraints (such as time windows, vehicle capacity, route duration,
and avoiding inter-route crossings), we iterate through the list to place the next
customer. If not, an empty route is created for each day within the planning horizon,
and the selected customer is assigned to these new routes on the corresponding days.
This process continues until all customers are assigned to routes. Subsequently, a
reduction phase ensues, wherein routes with fewer than five customers are dissolved,

and their customers are reallocated to other routes while respecting all constraints.

An alternative procedure involves iteratively attempting to assign all customers to
a specific route on their respective days until adding a new customer violates any
constraints. Subsequently, empty routes are generated for each day, and unassigned
customers are placed on these new routes, taking into account all restrictions and
their designated days. This process repeats until all customers are allocated to

routes, followed by the reduction phase.

Additionally, different sorting strategies for customers are tested, including sorting
them by distance to the depot from farthest to nearest, as well as by their an-
gles to the depot. Among the various permutations of sorting strategies and route
creation procedures tested, the initially described method demonstrates superior

performance.

5.2.2 Search Space
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It is well known in the metaheuristic literature that allowing the search into infeasible
regions may lead to good solutions (Expdsito et al., 2018; Dayarian et al., 2016),
thus smoothing the search space, by relaxing time windows, vehicle capacity, and
tour duration conditions of the problem definition. For a given solution s, the total
travel cost is represented by c(s), while the total violations of time windows, load,
and duration constraints are denoted by w(s), q(s), and d(s), respectively. The
calculations for ¢(s) and d(s) are based on individual routes, taking into account
the values of @) and Dj. On the other hand, w(s) is determined by the formula
> ;max{0,a; — L;}, where a; represents the arrival time at customer i. The cost
function f(s) is defined as ¢(s) +60w(s)+nq(s)+(d(s), where 6,7 and ¢ are positive
weights that can be adjusted dynamically during the search process. Nevertheless,
based on initial experiments, we have decided to use a fixed value of 100, which was
also the approach taken in Polacek et al. (2004) for an MDVRP with time windows.

5.2.3 Local Search

At the end of each segment, a reduction procedure is performed on the best solution
found. This procedure aims to reduce the number of vehicles used, while staying
within the feasible region. If successful, the current and best feasible solutions are

updated accordingly.

In this procedure, routes are sorted by the number of customers they serve, from
fewest to most, within the planning horizon. It begins by dismantling the first route
in the sorted list from all days. The next step involves attempting to reallocate
the removed customers to other routes without violating any constraints. If all
removed customers can be successfully placed into other routes, the original route
is permanently removed, and the procedure proceeds to the next route in the list.
If reallocation is not feasible, the route is restored to its original state, and the

procedure moves on to the next route.

5.2.4 Adaptive Weight Adjustment Procedure

The selection of paired removal-insertion operators is managed by a roulette-wheel
mechanism. Initially, all pairs are equally likely to be chosen. Each pair opr is
assigned a weight W,,., which starts at 1 and is updated after each v segments
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based on their performance history. The probability of selecting pair opr is given
\I/opr

by: ——2%—

jEQ \I/opr
Each pair opr is also assigned a score Il,,,, which starts at zero and is reset after
every ~ segments. During each iteration, the scores are updated by adding a bonus

factor oy, 1 € {1,...,4}, where 01 < 02 < 03 < 0y, according to the following criteria:
o 0y4: if a new superior feasible solution is found,

e o3 if the new solution improves the current solution but is not the best feasible

solution,
e 09: if the new solution meets the acceptance criterion and is a feasible solution,

e oy: if the new solution meets the acceptance criterion but is not a feasible

solution,
e (: otherwise.

The weights are updated during the algorithm using the formula:

Wopr,i+1 = Yopri(1l —a)+ aizopr

—opr
where W, ;11 is the updated weight of operator opr after the ith block of v seg-
ments, Il is the score of opr, 2,y is the number of times opr was used during the

last v segments, and « is the reaction factor.

5.2.5 Destruction Heuristics

Listed below are the destruction heuristics employed in the ALNS algorithm.

Customer with Maximum Distance from Geometric Center Removal:
This heuristic identifies the customer that is farthest from the geometric
center of the route to which they are assigned, across all periods. It then
removes this customer from the assigned route over the planning horizon,

provided that their removal does not cause inter-route or intra-route crossings.

Random Removal: This heuristic randomly selects and removes a customer from
the assigned route over the planning horizon, ensuring that the removal does

not result in inter-route or intra-route crossings.

86



Customer Closer to Another Route’s Geometric Center than Its Own:
This heuristic identifies a customer whose maximum distance from the
geometric center of their assigned route during the planning horizon is greater
than their maximum distance from the geometric centers of other routes
during the same period. It then removes this customer from the assigned
route over the planning horizon, provided that their removal does not cause

inter-route or intra-route crossings.

Shaw Removal: This heuristic evaluates similar customers based on their distance,
earliest service time, route assignment, days of service, and demand. It ran-
domly selects customer ¢ and calculates the relatedness measure I;; to identify

similar customers. The relatedness measure is defined as:
Rij = $18Djj + ¢2| Ej — Ei| + ¢3S Rij + ¢a| Dj — D;i| + pscij

where ¢1 — ¢5 are the Shaw parameters, SR;; = —1 if ¢ and j are in the same
route, 1 otherwise, ¢;; is the distance between customers i and j, SD;; is the
number of common days among chosen days for customers 7 and j. A smaller
R;; indicates higher similarity. Customers are ordered in non-decreasing order
of their relatedness values with customer i, and the first ¢ customers in this
list are sequentially removed from the solution. We adapted the heuristic from

Rastani and Catay (2023) to suit our problem.

5.2.6 Construction Heuristics

After the destruction heuristic, the removed customer is considered for reinsertion

into routes. The following construction heuristics are considered:

Greedy Insertion with Geometric Center Proximity Priority (GCPP):
This heuristic assigns the removed customer to a randomly allowed schedule.
It sorts the routes according to the total distance of the customer from the
geometric center of the routes. Then, it goes through the sorted route list
until it finds a route that can place the customer on all chosen days without
violating visual attractiveness. The customer is then placed in the best
positions (considering visual attractiveness) within the route on each chosen

day.

Greedy Insertion on a Random Route: This heuristic assigns the removed
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customer to a randomly allowed schedule. It goes through the shuffled route
list until it finds a route that can place the customer on all chosen days with-
out violating visual attractiveness. The customer is then placed in the best
position (considering visual attractiveness) within the route on each chosen
day. We adapted the heuristic from Rastani and Catay (2023) to suit our

problem.

Regret Greedy Insertion with GCPP: This heuristic assigns the removed cus-
tomer to a randomly allowed schedule. It sorts the routes according to the
total distance of the customer from the geometric center of the routes. Then, it
goes through the sorted route list until it finds a route that can place the cus-
tomer on all chosen days without violating visual attractiveness. The customer
is then placed in the second-best position (considering visual attractiveness)

within the route on each chosen day.

Regret Greedy Insertion on a Random Route: This heuristic assigns the re-
moved customer to a randomly allowed schedule. It iterates through the shuf-
fled route list until it finds a route that can cover that customer on all chosen
days without violating visual attractiveness. The customer is then placed in
the second-best position (considering visual attractiveness) within the route
on each chosen day. We adapted the heuristic from Rastani and Catay (2023)

to suit our problem.

Random Insertion on a Random Route: This heuristic assigns the removed
customer to a randomly allowed schedule. It iterates through the shuffled
route list until it finds a route that can cover that customer on all chosen
days without violating visual attractiveness. The customer is then placed in a
random position (considering visual attractiveness) within the route on each

chosen day.

Insertion with the Least Infeasibility Violation and GCPP: This heuristic
assigns the removed customer to a randomly allowed schedule. It sorts the
routes according to the total distance of the customer from the geometric
center of the routes. Then, it iterates through the route list until it finds
a route that can cover that customer on all chosen days without violating
visual attractiveness. The customer is then placed in the position on the route
(considering visual attractiveness) that leads to the least infeasibility violation

on each chosen day.

Insertion with the Least Infeasibility Violation on a Random Route:

This heuristic assigns the removed customer to a randomly allowed schedule.
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It iterates through the shuffled route list until it finds a route that can cover
that customer on all chosen days without violating visual attractiveness.
The customer is then placed in the position on the route (considering visual
attractiveness) that leads to the least infeasibility violation on each chosen

day.

5.3 Parallel Tempering

Parallel tempering, also referred to as replica exchange MCMC sampling, is a sim-
ulation technique designed to enhance the dynamic characteristics of Monte Carlo
method simulations of physical systems, as well as of Markov chain Monte Carlo
(MCMC) sampling methods. The main idea of the PT is to run multiple copies
(replicas) of the system, randomly initialized, each at a different temperature. High-
temperature replicas have the capability of exploring extensive portions of the solu-

tion space, while low-temperature replicas can examine local areas accurately.

A good sampling of the solution search space is obtained by exchanging configura-
tions at different temperatures based on the Metropolis criterion. In other words,
this method makes configurations at high temperatures available to the replicas at
low temperatures and vice versa. It is worth noting that the temperature of each
replica remains constant, setting it different from Simulated Annealing where the

temperature decreases gradually.

5.4 Parallel Tempering Based ALNS

In the proposed PTALNS algorithm a number M of the ALNS-based replicas are ex-
ecuted in parallel. The replicas differ from the ALNS in the temperature changes. In
the PTALNS, the temperature of each ALNS-based replica remains constant while
in the ALNS the temperature is gradually lowered. The overall framework of our
PTALNS algorithm is reported in Algorithm 4. PTALNS begins with the creation of
M replicas each with a unique temperature level T;,i € {1,..., M }(lines 1-4) where
Ty <15 < --- <Ty. Afterward, each replica is allowed to do Max Replter iterations
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(lines 6-8). Following this, a trial is conducted to exchange the replica’s configura-
tion at T'j (where j is selected at random, line 10) with the replica’s configuration
at Tj4+1 (lines 9-15). We can just switch the replicas’ temperature levels rather than
modifying their internal states (line 13). The equation contained the reciprocals
of Tj and 711 and the cost difference of the replicas’ current solutions (line 12)
determines whether to switch between 7} and T, levels. Line 13 compares the
probability that is obtained with a random variable that is evenly selected from the
interval (0, 1). It is important to remember that the probability equals one if the
cost of the current solution of the (higher temperature) replica Tj41 is less than the
corresponding cost of the (lower temperature) replica 7. When calculating AE, the
cost difference is divided by the cost of the best solution so far for all replicas (line
11). This is a normalization step that aims to keep the computation independent of

the edge weights of the problem instance.

Algorithm 4 PTALNS
1. for i from 1 to Mdo

2: T; < SetTemperature(z)

3: Replica; < new copy of the ALNS with T;

4: end for

5: while Not reached stopping criterion do

6: for i from 1 to Mdo

7 Run replica; for MaxReplter iterations

8: end for

9: BGC' < Minimum cost among best feasible solutions of M replicas
10: J < unif{l,M—1}
1. AR Cost(CurrentSolutwnTeplicaj )B—GC’gst(C’urrentSolutwnTeplicajJr1)

AE_ AE

12: if unif(0,1) <min(l,e’s "i+1) then
13: Set the temperature of replica; and replica;1 respectively to T 1 and T)
14: swap replica; and replicajy1 to keep replicas ordered by temperature
15: end if

16: end while

5.5 Computational study
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Our computational experiments are detailed as follows. Section 5.5.1 introduces the
benchmark instances used in this chapter. In Section 5.5.2, we present the results
of an extensive sensitivity analysis conducted to calibrate the parameter values.
Section 5.5.3 evaluates the performance of the operators through a series of tests.
In section 5.5.4, we analyze the proposed formulations. Finally, sections 5.5.5 and
5.5.6 present the computational results for the test problems. All computational
experiments are carried out on a virtual machine with Intel(R) Core(TM) i9-9900K
CPU processor with 3.60 GHz speed, 64 GB RAM, and 64-bit, with Julia 1.9.4 and
Gurobi 9.1.2.

5.5.1 Benchmark Instances

We rely on two classical benchmark instances: the PVRPTW instances of Cordeau
et al. (2001) and Pirkwieser and Raidl (2009b). These datasets are described in
Chapter 2. It should be noted that the previous authors used instances from Pirk-
wieser and Raidl (2009b) without duration constraints, and the distances were trun-
cated to the first digit. We followed this convention exclusively in this case to ensure
a fair comparison. Additionally, we generated 11 smaller instances named datasets
S9 to evaluate the proposed formulations and the performance of the PTALNS al-
gorithm. These were derived from instances prO1 and prll of dataset S6, and from
instances P4c10, p4r101, and p4rcl101 of dataset S7. The first three instances are
generated from S7, with the geographical data being clustered, random, and random-
clustered, respectively. The remaining instances are generated from S6, where the

first three have tight time windows, and the rest have wide time windows.

5.5.2 Parameter Tuning

We employ a two-phase procedure to fine-tune the parameters of the PTALNS algo-
rithm to enhance its performance. The first phase leverages the black box optimizer
HyperTuning to adjust the most impactful parameters: "M", "MaxReplter", "d",
'¢", and "y". HyperTuning systematically explores the parameter space defined by
specified ranges, using a scenario configuration with a MedianPruner to prune un-
derperforming trials early and a maximum of 200 trials. The objective function

integrates these parameters into the PTALNS algorithm and evaluates the results,
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aiming to identify the optimal parameter set that maximizes the algorithm’s effec-

tiveness.

In the second phase, we manually tune the less sensitive parameters, "T" and "q",
through trial and error. This approach is adopted due to the diminishing returns in
accuracy with the increasing number of parameters handled by the black box opti-
mizer. By first optimizing the critical parameters automatically and then fine-tuning
the remaining ones manually, we ensure a comprehensive and efficient parameter-
tuning process. This methodology balances the thorough exploration of the pa-
rameter space with practical adjustments, leading to improved performance of the

PTALNS algorithm for our problem instances.

In parameter tuning, splitting the problem instances into training and testing sets
is standard practice to ensure robust performance evaluation. Our study generated
20 train problem instances derived from the data sets S6, S7, and S8. This ap-
proach allows us to fine-tune the algorithm’s parameters effectively, ensuring that

the optimized settings generalize well across various problem instances.

Table 5.1 Parameter values found using HyperTuning for PTALNS

Parameter Range Value
Up to 50 customers Above 50 customers
1) Segment length [50,100] 20 10
1) Inner loop length in ALNS (1,20] 10 20
~ Number of segments to update operator weights (1,4] 3 3
o Reaction factor in weight update (0,1] 0.25 0.25
M Number of replicas 2,8] 4 4
RepMazIter Maximum number of iterations for each replica  [100,1000] 300 300

Table 5.2 Parameter values found by trial and error for PTALNS

Parameter Value
q Maximum number of nodes to remove [0.05|N,|]
11,715,153, Ty Temperature levels for replicas 0,2,4,6
01,09,03,04 Bonus factors for adaptive weight adjustment 1,1,1,2
01,02, P3, P4, ¢5 Shaw removal coefficients —0.25,0.25,0.15,0.25,0.5

In Tables 5.1 and 5.2, you will find the values determined for various parameters.
The first and second columns present the name and description of each parameter,
respectively. Table 5.1 displays the range for each parameter, as determined through
preliminary tests, while the last block of two columns shows the best value for each

parameter for instances with less than 50 and more than 50 customers.

We use the same procedure to tune the ALNS parameters. In Tables 5.3 and 5.4,
you find the values determined for various parameters by the HyperTuning black

box and through trial and error, respectively.
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Table 5.3 Parameter values found using HyperTuning for ALNS

Parameter Range Value
d Segment length [50,100] 60
¢ Inner loop length in ALNS [1,20] 15
v Number of segments to update operator weights [1,4] 2
a Reaction factor in weight update [0,1] 0.25

Table 5.4 Parameter values found by trial and error for ALNS

name Parameter Optimal Value

q Maximum number of nodes to remove [0.05| N |]

T initial temperature 10

c Cooling rate 0.9987
01,09,03,04 Bonus factors for adaptive weight adjustment 1,1,1,2
¢1,02,03,04, ¢5 Shaw removal coefficients —0.25,0.25,0.15,0.25,0.5

The maximum number of iterations in the PTALNS is set to 240,000. We use the

same value for the maximum number of iterations in the ALNS.

5.5.3 Evaluating the Performances of the Operators

Table 5.5 summarizes the statistics on the selection probabilities of different op-
erators, based on a sample of 20 instances. Each operator, defined as a pair of

destroy-repair heuristics, is evaluated using three key metrics:

o min%: The lowest probability of being chosen at the end of the solution process

across all 20 instances,

o avg.%: The mean probability of being chosen at the end of the solution process

across all 20 instances,

o max%: The highest probability of being chosen at the end of the solution

process across all 20 instances.

The range of probabilities for the minimum, average, and maximum metrics spans
[0.00,1.79], [0.06,7.58], and [1.19,26.24], respectively. Moreover, the average values
for the min, avg., and max columns are 0.21%, 2.86%, and 7.88%, respectively.

These findings reveal that each operator pair demonstrates utility at different points
across all instances, highlighting the adaptability and effectiveness of the heuristic

combinations used.
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Table 5.5 Final probabilities of choosing different destroy-repair pair.

Repair Heuristic Destroy Heuristic min% ave% max%

Greedy Insertion- GCPP Max-Dist-GC 0.00 7.11 16.32
Closer-GC 0.05 3.79 9.15

Shaw removal 0.00 2.32 4.51

Random removal 1.16 6.27 11.14

Greedy Insertion- Random Route Max-Dist-GC 0.00  2.08 5.22
Closer-GC 0.04 1.08 4.12

Shaw removal 0.04 207 11.21

Random removal 0.02 3.08 15.14

Regret Greedy Insertion- GCPP Max-Dist-GC 0.00 1.97 3.92
Closer-GC 0.01 0.06 1.10

Shaw removal 0.03 0.71 2.09

Random removal 0.53 1.05 3.12

Regret Greedy Insertion- Random Route Max-Dist-GC 0.00 1.13 3.44
Closer-GC 0.03 045 1.19

Shaw removal 0.02 4.05 12.18

Random removal 0.11 1.23 2.75

Random Insertion- Random Route Max-Dist-GC 0.00 1.29 3.10
Closer-GC 0.00 1.50 4.03

Shaw removal 0.47 7.26  23.31

Random removal 0.92 5.81 18.18

Least Infeasibility Violation- GCPP Max-Dist-GC 0.08 7.08 26.24
Closer-GC 0.14 1.29 3.15

Shaw removal 0.03 1.57 4.12

Random removal 1.42 6.69 17.93

Least Infeasibility Violation- Random Route Max-Dist-GC 0.00 6.07 11.23
Closer-GC 0.04 1.07 4.13

Shaw removal 0.01 2.42 7.04

Random removal 1.79 7.58 18.63

Average 0.21  2.86 7.88
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The operator pair Least Infeasibility Violation - GCPP and Max-Dist-GC
stands out with the highest maximum probability (26.24%), indicating a strong
preference in certain instances, followed by Random Insertion - Random Route
and Shaw removal. The operator pair Least Infeasibility Violation - Random
Route and Random removal exhibits the highest average probability (7.58%),
demonstrating consistent preference across different instances, with Random In-

sertion - Random Route and Shaw removal also performing well.

5.5.4 Analysis of the Proposed Formulations

To test the proposed formulations, data set S9 is used. A description of the different
instances of the data set S9 can be found in Table 5.6 where n is the number of
customers, m is the number of vehicles that can be used, ¢ is the number of days
in the planning horizon, D is the maximum duration of a route, () is the maximum
capacity of the vehicles, and visit frequency is the number of customers that must

be visited 7 times.

Table 5.6 Description of data set S9

visit frequency
Instances n

=
w)
O

4 2 1
pr01__Cus20c_p4_ Q200 20 4 5 200 7 4 9
pr02_ Cus20r_p4_ Q200 20 4 5 200 6 8 6
pr03__ Cus20rc_p4_ Q200 20 4 5 200 10 4 6
pr04_Cusl0_p4_Q200_dur500 10 4 5 500 200 5 5 0
pr05_Cusl5_p4_Q200_dur500 15 4 5 500 200 7 8 0
pr06__Cus20_p4_Q200_dur500 20 4 5 500 200 5 5 10
pr07_Cusl5_p4 Q200 _dur500 15 4 5 500 200 12 3 0
pr08_ Cusl5_p4 Q200 _dur500 15 4 5 500 200 5 3 7
pr09_ Cus20_p4_Q200_dur500 20 4 5 500 500 5 5 10
pr10_Cus25_p4_Q195 dur4d80 25 4 5 480 195 14 6 5
prll_Cus30_p4_Q195_ durd80 30 4 5 480 195 14 10 6

The problem instances of dataset S9 were solved using the PVRPTW and
PVRPTWDCVA formulations with Gurobi, each given a time limit of 7200 sec-
onds. The results are presented in Table 5.7.

An analysis of the PVRPTW formulation results reveals that some solutions exhibit
inefficiencies in terms of route crossings and driver consistency. For these instances,
incorporating visual attractiveness and driver consistency constraints increases the

routing cost by 10.91%, as evidenced by instance pr03_Cus20rc_p4 Q200.
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Table 5.7 PVRPTW vs. PVRPTWDCVA on data set S9

PVRPTW PVRPTWDCVA
Instances

OFV Gap Time  # crossings nonDC OFV Gap  Time
pr01_Cus20c_p4 Q200 566.69 0 4.58 0 0 566.69 0 3.10
pr02_ Cus20r_p4_ Q200 1191.65 0 5.65 1 4 1201.62 0 1091
pr03_ Cus20rc_p4 Q200 1152.31 0 121.22 6 0 1277.98  0.009 7200
pr04_Cusl0_p4 Q200_dur500 1872.34 0 1.42 2 3 1889.76 0 3.03
pr05_Cusl5_p4_Q200_dur500 2112.92 0 30.04 0 2 2132.88 0 64.83
pro6_Cus20_p4 Q200_dur500 1925.08 0 1731.38 1 3 1943.06 0 709.14
pr07_Cusl5_p4 Q200 _dur500 1761.84 0.101 7200 0 2 1806.60 0.064 7200
pr08_Cusl5_p4_Q200_dur500 1525.30 0.125 7200 0 1 1527.30 0.024 7200
pr09 Cus20_p4 Q200_dur500 1616.04 0.141 7200 0 0 1616.04 0.070 7200
pr10_Cus25_p4 Q195 _durd80 NA NA 7200 _ _ NA NA 7200
prll_Cus30_p4_ Q195 durd80 NA NA 7200 o o NA NA 7200

Figure 5.1 Solution routes to problem instance pr06 without considering visual
attractiveness and driver consistency constraints

day 1
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Figure 5.2 Solution routes to problem instance pr06 considering visual attractive-
ness and driver consistency constraints

day 1 day 2

Tables 5.1 and 5.2 present the solution routes for the problem instance pr06 with and
without the inclusion of visual attractiveness and driver consistency constraints. As
clearly shown in the figures, when visual attractiveness and driver consistency are
not considered, there is a crossing between arcs (10,12) and (5,8). It is important to
note that crossings involving the depot are excluded from this count. Additionally,

customers 2, 5, and 8 are visited by more than one driver in their visits.

5.5.5 Results for Small-size Instances

We consider data set S9 to validate the performance of the proposed PTALNS
algorithm. Each problem instance was solved using Gurobi and PTALNS algorithm.
Given that the primary goal of PTALNS is to minimize the number of vehicles used,
we adopt the following strategy to compare the performance of PTALNS with the

Gurobi implementation:
o Allocate 5 vehicles to each instance and solve them using Gurobi,

» Reduce the number of available vehicles to the smallest possible number and

solve the instances again using Gurobi,
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e Solve each instance with PTALNS twice: once incorporating the local search

procedure and once without it.

The results of these comparisons are presented in Table 5.8

Table 5.8 Results of Gurobi vs. PTALNS on Data set S9

Gurobi
- - PTALNS (without Local search)
Instances 5 available vehicles
OFV  Gap Time veh OFV Time veh

pr01__Cus20c_p4_ Q200 566.69 0 3.1 2 566.69  62.71 2
pr02_ Cus20r_p4_ Q200 1201.62 0 10.91 5 1201.62 74.87 5
pr03__Cus20rc_p4_ Q200 1277.98  0.01 3000 4 127798  90.32 4
pr04__Cusl0_p4_Q200_dur500 1889.76 0 3.03 3 1889.76 54.23 3
pro5_Cusl5_p4_Q200_dur500 2132.88 0 64.83 3 2132.88  60.45 3
pr06__Cus20_p4_Q200__dur500 1943.06 0 709.14 3 1943.06  84.54 3
pr07_Cusl5_p4 Q200_dur500 1827.30 0.13 3000 2 1806.60  68.73 2
pr08_Cusl5_p4_Q200_dur500 1527.30 0.13 1284/3000 2 1527.30  73.79 2
pr09_ Cus20_p4_Q200_dur500 1625.57 0.15 3000 2 1616.04  83.04 2
pr10_Cus25_p4_Q195_ durd80 NA NA 3000 NA 3045.42  81.13 3
pril_Cus30_p4 Q195 durd80 NA NA 3000 NA 320565 90.39 3

Gurobi

- PTALNS (with local search)
Instances reduced # of vehicles
OFV  Gap Time veh OFV Time veh

prO1_ Cus20c_p4_ Q200 566.69 0 3.1 2 566.69  68.35 2
pr02_ Cus20r_p4_ Q200 1201.62 0 10.91 5 1201.62  91.83 5
pr03__Cus20rc_p4_ Q200 1277.98  0.01 3000 4 127798 111.12 4
pr04_Cusl10_p4_Q200_dur500 1901.36 0 0.84 2 1901.36 58.76 2
pr05_Cusl5_p4 Q200_dur500 2154.76 0 22.62 2 2154.76 70.25 2
pr06__ Cus20_p4_Q200_dur500 1965.82 0 112.72 2 1965.82  93.01 2
pr07_Cusl5_p4_Q200_dur500 1806.60 0.09 1009/3000 2 1806.60  65.33 2
pr08_Cusl5_p4_Q200_dur500 1527.30 0.09 64,/3000 2 1527.30  71.09 2
pr09_Cus20_p4 Q200 _dur500 1616.04 0.12 2010/3000 2 1616.04  84.27 2
pr10_Cus25_p4_Q195_ durd80 NA NA 3000 NA 3045.42  123.18 3
prll_Cus30_p4 Q195 durd80 NA NA 3000 NA 3205.65 112.76 3

In this table, the blocks of 4 columns present the results obtained by Gurobi with 5
and the reduced numbers for available vehicles, while the blocks of 3 columns cor-
respond to PTALNS results. Columns ‘#veh‘ indicate the number of vehicles used
in obtained solutions. In the columns labeled ‘Time‘, an entry such as ‘1284,/3000°
means that Gurobi found the reported solution in 1284 seconds for the first time.
The term "NA" indicates that Gurobi could not find any feasible solution for the
instance corresponding to that row within the time limit. We performed PTALNS
for 2400 iterations. The remaining parameters of PTALNS are as follows; M =4,
0=20,v=3, =20, and a = 0.25. The number of iterations for each replica is set
to 100.

According to Table 5.8,
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o For the first three instances, Gurobi returned the optimal solutions for the
first two and failed to prove optimality for the third instance. PTALNS, both
with and without incorporating the local search procedure, also returned the

same solutions for these instances in a reasonable computational time.

o Gurobi solved the next three instances with tight time windows to optimality,
considering both five and a reduced number of available vehicles. PTALNS,
with and without incorporating the local search procedure, also returned the

same solutions for these instances in a reasonable computational time.

o With five available vehicles, Gurobi was unable to reach optimal solutions for
instances pr07 and pr09 within the time limit. However, PTALNS, without
the local search procedure, achieved better solutions for these instances than
Gurobi. For problem instance pr08, both Gurobi and PTALNS found the same
solution. Although Gurobi could not prove optimality and hit the time limit,
PTALNS reached the same solution in a reasonable runtime. Gurobi also failed
to solve instances pr10 and prll within the time limit, while PTALNS solved

them with three vehicles, with and without using the local search procedure.

o With the reduced number of available vehicles, Gurobi and PTALNS, both
with and without the local search procedure, solved instances pr07 to pr09
to the same solution. However, PTALNS outperformed Gurobi in terms of
runtime. Reducing the number of available vehicles rendered the first three

instances and instances pr10 and prll infeasible.

These results demonstrate that PTALNS is a robust and efficient algorithm, capable
of finding high-quality solutions within a reasonable timeframe, even for complex

instances where Gurobi struggles.

5.5.6 Results for Large-size Instances

We apply the VNS algorithm proposed by Pirkwieser and Raidl (2009¢) to data set
S6. The results are reported in Table 5.9 where the first column shows the instance
name. The second and third columns are the number of intra-route and inter-route
crossings in the solution, respectively. In the next column, we have the number of
customers who are not visited by the same vehicle on each visit. The last column is

the best-obtained objective function value.

Table 5.9 shows that while the solutions generated exhibit zero intra-route crossings,
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Table 5.9 Results of PVRPTW on data set S6

PVRPTW
Instance intra-route inter-route nonDC OFV
prOl_Cus48 m3_p4_Q200_ dur500 0 12 16 3125.51
pr02_Cus96_m6_p4_ Q195 dur480 0 16 38  5488.79
pr03_Cusl44 _m9 p4 Q190 dur460 0 37 57  7584.01
pr04_Cusl192 ml12 p4 Q185 durd40 0 47 78 8484.84
pr05_Cus240_m15_ p4 Q180 _ dur4d20 0 73 101 9433.73
pr06_Cus288 ml18 p4d Q175 durd00 0 75 129 11966.40
pr07_Cus72_mb5_p6_Q200_ dur500 0 18 36 7421.56
prO8_Cusl44 _ml0_p6_ Q190 durd75 0 66 72 10581.04
pr09_Cus216__ml15 p6_ Q180 _ durd50 0 111 108 15047.56
pr10_Cus288 m20_p6_Q170_dur4d25 0 236 144  19927.22
prll_Cus48 m3_ p4 Q200 _dur500 0 1 9 2284.74
pr12_Cus96_m6_p4_ Q195 dur480 0 9 31  4281.02
pr13_Cusl44 m9 p4 Q190 dur460 0 13 53 6030.80
prl4_Cusl92 ml2_ p4 Q185 durd40 0 21 70  7107.71
prl5_Cus240 _ml15 p4 Q180 _ dur4d20 0 30 96  7743.30
pr16_Cus288 ml8 p4 Q175 durd00 0 53 120 9770.44
prl7_Cus72_m4_p6_ Q200_dur500 0 5 24 5687.71
pri8 Cusl44 m8 p6_Q190_durd7s 0 21 72 8374.35
pr19_Cus216_ml12_ p6_ Q180 _ durd50 0 46 107 11937.44
pr20__Cus288 ml16_p6_Q170_dur4d25 0 117 144 15378.72

there are inefficiencies in terms of inter-route crossings and driver consistency. Each
routing solution has about 13% inter-route crossings on average and approximately

45% of customers visit more than one driver during their visits.

To have visually attractive solution routes and driver consistency, we applied ALNS
and PTALNS algorithms to solve the problems of data set S6. The results are
reported in Table 5.10, where the columns are as follows: Instance, which denotes
the name of the instances; PTALNS Avg., which is the average result obtained by the
PTALNS algorithm across five runs; PTALNS Best UB, representing the best upper
bound (UB) found by the PTALNS algorithm; ALNS Avg., which is the average
result obtained by the ALNS algorithm across five runs; ALNS Best UB, indicating
the best UB found by the ALNS algorithm; Best UB*, which is the best upper
bound overall among all the results for that instance; and Imp%, the percentage
improvement of PTALNS Avg. over ALNS Avg., calculated as

ALNS Avg. — PTALNS Ave,
Imp%z( 5 Ave 5 Vg>x100

ALNS Avg.

According to Table 5.10, for each instance, the PTALNS algorithm consistently
achieves lower average results compared to the ALNS algorithm. This indicates

that PTALNS generally performs better on average, leading to solutions closer to

100



Table 5.10 Results of ALNS vs. PTALNS on Data set S6

PTALNS ALNS

Instance Avg. Best UB Avg. Best UB Best UB"™  Imp%
pr01-N48m3p4 3255.43  3234.90 3330.82  3247.86 3234.90 2.26
pr02-N96m6p4 5812.76  5695.36 6029.44  5909.68 5695.36 3.59
pr03-N144m9p4 8851.22  8729.97 9080.99  8913.63 8729.97 2.53
pr04-N192m12p4 10609.65 10194.16 10946.80 10676.57 10194.16 3.08
pr05-N240m15p4 11422.73  11097.57 11533.03 11174.00 11097.57 0.96
pr06-N288m18p4 14559.91 14333.24 15068.53  14773.41 14333.24 3.38
prO7-N72mb5p6 7895.45  7736.63 8294.13  7981.46 7736.63 4.81
pr08-N144m10p6 13673.36  13530.98 13914.22  13723.12 13530.98 1.73
pr09-N216m15p6 19115.30  18330.03 19887.57 19452.72 18330.03 3.88
pr10-N288m20p6 24609.84 24389.64 25422.40 25322.77 24389.64 3.20
pr11-N48m3p4 2408.91 2400.23 242798  2410.18 2400.23 0.79
pr12-N96m6p4 4760.86  4612.43 5236.97  4927.04 4612.43 9.09
pr13-N144m9p4 6814.50  6705.51 7006.06  6901.98 6705.51 2.73
pr14-N192m12p4 7910.67  7793.33 8291.12  8095.04 7793.33 4.59
pr15-N240m15p4 8333.48  8194.43 8787.72  8489.66 8194.43 5.17
pr16-N288m18p4 10463.71 10367.31 11037.51 10836.63 10367.31 5.20
pr17-N72m4p6 6337.97  6138.60 6523.75  6243.38 6138.60 2.85
pr18-N144m8p6 9821.09  9810.71 10002.95  9814.80 9810.71 1.82
pr19-N216m12p6 13474.98 13374.23 13947.04 13562.17 13374.23 3.38

pr20-N288m16p6 17907.60 17485.31 18531.94 18358.78 17485.31 3.37

the best solution across multiple runs.

The PTALNS algorithm finds better best upper bounds compared to ALNS in every
instance. The "Best UB" column, which records the best solution found among all
runs, always matches the PTALNS Best UB, showing the robustness and effective-
ness of PTALNS in the better solutions.

The "Imp%" column shows the percentage improvement of PTALNS Avg. over
ALNS Avg. for each instance. This percentage varies across instances, but PTALNS
consistently shows a positive improvement, with some instances showing substantial

improvements (e.g., pr12-N96m6p4 with 9.09% improvement)

Table 5.11 Results of ALNS vs. PTALNS on Data set S7

PVRPTW PVRPTWDCVA
PTALNS ALNS
Instance BKS Ave. Best UB Ave. Best UB Best UB*  Imp%
P4c101 2766.22 3071.55  3067.93 3228.46  3067.93 3067.93 4.86
P4r101 3434.18 4812.03  4735.65 4945.14  4900.59 4735.65 2.69
P4rc101 3620.70 4843.74  4797.87 4903.26  4810.05 4797.87 1.21
P6c101 3723.20 4291.82  4286.95 4397.48  4287.00 4286.95 2.40
P6r101 4428.88 6436.60  6389.30 6523.44  6460.32 6389.30 1.33
P6rcl01 4952.94 7458.18  7424.00 8049.49  7428.40 7424.00 7.35
P&c101 4809.46 5350.57  5267.70 5564.19  5381.24 5267.70 3.84
P8&r101 5428.80 7764.14  7737.20 7950.70  7777.70 7737.20 2.35
P8rc101 5840.84 8375.06  8303.69 8675.86  8361.52 8303.69 3.47

Table 5.11 presents the results of the ALNS and PTALNS algorithms on data set
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S7. The "BKS" column lists the best-known solutions reported for the PVRPTW.
The table follows the same format as Table 5.10. Consistent with the findings
for data set S6, the PTALNS algorithm consistently achieves lower average results
and better Best UB compared to the ALNS algorithm. According to the "Imp%"
column, the percentage improvement of PTALNS Avg. over ALNS Avg. varies
across instances, but PTALNS consistently shows a positive improvement, with

some instances exhibiting substantial improvements.

For example, the P6rc101 instance demonstrates a notable improvement of 7.35%,
indicating that PTALNS performs significantly better in this case. Similarly, other
instances such as P4c101 and P8c101 also show notable improvements, with increases
of 4.86% and 3.84%, respectively.

Overall, the results suggest that PTALNS is a more effective algorithm compared to
ALNS, particularly in achieving lower average results and better best upper bounds,

thereby demonstrating its superiority in solving PVRPTWDCVA problems.

It is noteworthy that for problem instances with clustered geographical data, when
visual attractiveness and driver consistency constraints are added, there is an average
11.86% increase in the OFV. This increase is 41.56% for random geographical data
and 41.52% for random-clustered geographical data.

5.6 Conclusions

We presented an MILP formulation and a PTALNS algorithm to efficiently solve
the PVRPTW instances considering visual attractiveness and driver consistency
restrictions. We evaluated the performance of the PVRPTWDCVA formulation
and assessed the efficiency of the PTALNS algorithm. For small-size instances,
the PTALNS algorithm was tested and compared against the Gurobi solver with
different numbers of available vehicles. PTALNS consistently found high-quality
solutions within reasonable computational times, even for instances where Gurobi

struggled to reach optimality or feasible solutions within the time limit.

Large-size instances from data set S6 were addressed using a VNS algorithm, reveal-
ing that routing has inefficiencies regarding route crossings and driver consistency.
There are on average 50.35 inter-route crossings in each solution and approximately

45 percent of customers visit more than one driver during their visits. To have ap-

102



pealing routes and considering driver consistency the instances in data set S6 are also
solved by ALNS and PTALNS algorithms. In the comparison between ALNS and
PTALNS, the latter is more robust and outperforms in solving all instances. Fur-
thermore, PTALNS also demonstrated superior performance over ALNS in solving

instances from data set S7.

There are several potential directions for extending the current work. First, explor-
ing different metrics for visual attractiveness could provide valuable insights into
their impact on routing efficiency and overall effectiveness. Second, during the de-
struction and construction phases, the constraints related to visual attractiveness
and driver consistency could be relaxed. Violations of these constraints could then
be incorporated as penalty costs within the objective function, allowing for a more
flexible approach to solution optimization. Finally, leveraging data mining tech-
niques to analyze historical driver behavior could inform routing decisions, poten-
tially leading to more efficient and driver-friendly routes based on past performance

and preferences.

5.7 Chapter Conclusion

In Chapter 3, we overview the PVRP focusing on modeling approaches and exact so-
lutions to be obtained by a commercial solver. We develop a new MILP formulation
of the PVRP using vehicle flow variables and employ families of valid inequalities and
optimality cuts to tighten the formulation. Two existing prominent PVRP formu-
lations in the literature referred to as the load-based formulation and the cut-based
formulation are also investigated. The main differences among the formulations are
the representation of vehicle information and the SECs. The cut-based formulations
use decision variables explicitly including a vehicle index. The SECs of the cut-based
formulations have an exponential size and need to be separated. In the load-based
formulations and the MTZ-based formulations, auxiliary continuous variables are
used to define the constraints preventing the formation of subtours and both formu-
lations are compact, i.e., they do not involve exponentially many constraints. Since
the continuous variables defined in the M'TZ-based formulation have one dimension
less than those used in the load-based formulation, the MTZ-based formulation has
smaller number of variables compared to the load-based formulation. We also extend
these formulations to model the PVRPTW and apply families of valid inequalities to

tighten the formulations. Comprehensive computational experiments are conducted
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on seven sets of benchmark instances with different characteristics to compare the
performances of the alternative formulations. The results of the computational ex-
periments on the PVRP data sets show that the cut-based model and the load-based
model are competitive in solving small instances. When it comes to solving medium
instances, the load-based model overtakes the cut-based model. While the results
indicate the difficulty of solving most of the PVRP instances of large size for the
cut-based model and the load-based model, the MTZ-based formulations are robust
and consistent in producing good-quality solutions.Considering the PVRPTW, the
results obtained by alternative models with data sets S6 and S7 show that the cut-
based model is only successful in solving two out of 35 instances. In general, the
MTZ-based formulations outperform the load-based formulations. For the instances
solved to optimality, they reach the solution faster, and for those instances for which
an optimal solution cannot be identified within the specified time limit, they return
solutions of higher quality when compared to the load-based formulations. The su-
periority of the MTZ-based formulations are more evident in solving larger instances.
The goal of this chapter is to compare and provide insights into the computational
performance of widely used formulation approaches in the literature that can be
implemented and solved directly by state-of-the-art commercial solver capabilities.
Other formulation approaches are available (e.g. set partitioning) for which an ex-
act solution cannot be obtained directly by a solver, but only by employing efficient
optimization algorithms (e.g. column generation and branch-and-price). Extending
the computational analysis to cover a broader spectrum of exact solution method-
ologies may provide additional insights into the performance of different formulation
and solution techniques with respect to run times and solution quality. Moreover,
(parts of) the formulation approaches considered in this study are easily applicable
to other variants of the PVRP and exploring the computational performance on

different problem variants may also be an interesting direction for future research.

In the first part of Chapter 4, we proposed the LBBD and BAC algorithms to solve
the PVRP. Computational results demonstrate that BAC outperforms LBBD in
medium-sized instances. However, a comparison between the BAC algorithm and
the UC1 formulation reveals that the convergence of BAC to the optimal solution
is slow, and the time required to solve the VRP subproblem is considerable. To
expedite the BAC algorithm, we attempted to enhance the LB by incorporating
cuts derived from the dual of the LP relaxation of the subproblem at each iter-
ation. However, this approach did not yield any significant improvement in the
LB and the cuts appeared to be redundant. we also aimed to enhance the speed
of solving the VRP subproblem. Initially, we applied an exact column generation

algorithm for this purpose. Unfortunately, our proposed column generation ap-
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proach did not yield significant improvements in solution time. Consequently, we
refined and adapted this approach specifically for the PVRP problem, aiming to
solve the PVRP directly using the column generation algorithm. In the second part
of Chapter 4, we propose a column generation-based heuristic to solve the PVRP.
In the pricing problem, we applied Martinelli et al. (2014) algorithm. However, to
maintain elementarity in solving the pricing sub-problem, we applied two different
approaches: one proposed by Dayarian et al. (2015) and a hybrid approach. At the
end of the algorithm, if the optimal solution to the master problem is fractional,
we solve the integer RMP, allowing visits to customers more frequently than their
specified frequencies. Based on this solution, we generate a new {2 and enrich it with
additional columns. We then resolve the problem using the updated 2. To expedite
the column generation-based heuristic, we attempt to identify negative reduced cost
columns by first exploring the column pool, then implementing the truncated-search
version of the dynamic programming algorithm, and finally implementing the full-
search version of the dynamic programming algorithm if the other approaches fail.
After finding a predetermined number of elementary negative reduced cost columns,
we terminate any pricing iteration further to control time. The results show that the
proposed algorithm produces results very close to the best-known solutions in the
literature, with an average deviation of only 0.21%. This highlights the effectiveness
of the algorithm, especially given that most instances show either no deviation or

very minor deviations from the best-known solution in the literature.

Time window and non-crossing intra-route constraints can be seamlessly integrated
into the proposed column generation algorithm by incorporating them directly into
the pricing problem. This approach ensures that these constraints are enforced
during the column generation process. However, integrating non-crossing inter-route
and driver consistency constraints requires a different approach. These constraints
need to be included in the master problem, where the master problem verifies the
absence of arc intersections between different routes. As the size of () increases, this

verification process can become computationally intensive.

In Chapter 5, we presented an MILP formulation and a PTALNS algorithm to ef-
ficiently solve the PVRPTW instances considering visual attractiveness and driver
consistency restrictions. We evaluated the performance of the PVRPTWDCVA
formulation and assessed the efficiency of the PTALNS algorithm. For small-size
instances, the PTALNS algorithm was tested and compared against the Gurobi
solver with different numbers of available vehicles. PTALNS consistently found
high-quality solutions within reasonable computational times, even for instances
where Gurobi struggled to reach optimality or feasible solutions within the time

limit. Large-size instances from data set S6 were addressed using a VNS algo-
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rithm, revealing that routing has inefficiencies regarding route crossings and driver
consistency. There are on average 50.35 inter-route crossings in each solution and
approximately 45 percent of customers visit more than one driver during their vis-
its. To have appealing routes and considering driver consistency the instances in
data set S6 are also solved by ALNS and PTALNS algorithms. In the comparison
between ALNS and PTALNS, the latter is more robust and outperforms in solving
all instances. Furthermore, PTALNS also demonstrated superior performance over

ALNS in solving instances from data set S7.

Future research can explore various algorithmic enhancements to improve the per-
formance of the column generation approach to solve PVRP. These include the
implementation of cutting planes, advanced branching strategies, and sophisticated
data structures for label storage during the pricing stage. Additionally, the inte-
gration of metaheuristics could further enhance the efficiency and effectiveness of
the method. There are also several potential directions for extending the current
work on PVRPTWVADC. First, exploring different metrics for visual attractiveness
could provide valuable insights into their impact on routing efficiency and overall ef-
fectiveness. Second, during the destruction and construction phases, the constraints
related to visual attractiveness and driver consistency could be relaxed. Violations
of these constraints could then be incorporated as penalty costs within the objective
function, allowing for a more flexible approach to solution optimization. Finally,
leveraging data mining techniques to analyze historical driver behavior could inform
routing decisions, potentially leading to more efficient and driver-friendly routes

based on past performance and preferences.
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6. Conclusions and Future Research

In Chapter 3, we overview the PVRP focusing on modeling approaches and exact so-
lutions to be obtained by a commercial solver. We develop a new MILP formulation
of the PVRP using vehicle flow variables and employ families of valid inequalities and
optimality cuts to tighten the formulation. Two existing prominent PVRP formu-
lations in the literature referred to as the load-based formulation and the cut-based
formulation are also investigated. The main differences among the formulations are
the representation of vehicle information and the SECs. The cut-based formulations
use decision variables explicitly including a vehicle index. The SECs of the cut-based
formulations have an exponential size and need to be separated. In the load-based
formulations and the MTZ-based formulations, auxiliary continuous variables are
used to define the constraints preventing the formation of subtours and both formu-
lations are compact, i.e., they do not involve exponentially many constraints. Since
the continuous variables defined in the MTZ-based formulation have one dimension
less than those used in the load-based formulation, the MTZ-based formulation has
smaller number of variables compared to the load-based formulation. We also extend
these formulations to model the PVRPTW and apply families of valid inequalities to
tighten the formulations. Comprehensive computational experiments are conducted
on seven sets of benchmark instances with different characteristics to compare the
performances of the alternative formulations. The results of the computational ex-
periments on the PVRP data sets show that the cut-based model and the load-based
model are competitive in solving small instances. When it comes to solving medium
instances, the load-based model overtakes the cut-based model. While the results
indicate the difficulty of solving most of the PVRP instances of large size for the
cut-based model and the load-based model, the MTZ-based formulations are robust
and consistent in producing good-quality solutions.Considering the PVRPTW, the
results obtained by alternative models with data sets S6 and S7 show that the cut-
based model is only successful in solving two out of 35 instances. In general, the
MTZ-based formulations outperform the load-based formulations. For the instances
solved to optimality, they reach the solution faster, and for those instances for which

an optimal solution cannot be identified within the specified time limit, they return
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solutions of higher quality when compared to the load-based formulations. The su-
periority of the MTZ-based formulations are more evident in solving larger instances.
The goal of this chapter is to compare and provide insights into the computational
performance of widely used formulation approaches in the literature that can be
implemented and solved directly by state-of-the-art commercial solver capabilities.
Other formulation approaches are available (e.g. set partitioning) for which an ex-
act solution cannot be obtained directly by a solver, but only by employing efficient
optimization algorithms (e.g. column generation and branch-and-price). Extending
the computational analysis to cover a broader spectrum of exact solution method-
ologies may provide additional insights into the performance of different formulation
and solution techniques with respect to run times and solution quality. Moreover,
(parts of) the formulation approaches considered in this study are easily applicable
to other variants of the PVRP and exploring the computational performance on

different problem variants may also be an interesting direction for future research.

In the first part of Chapter 4, we proposed the LBBD and BAC algorithms to solve
the PVRP. Computational results demonstrate that BAC outperforms LBBD in
medium-sized instances. However, a comparison between the BAC algorithm and
the UC1 formulation reveals that the convergence of BAC to the optimal solution
is slow, and the time required to solve the VRP subproblem is considerable. To
expedite the BAC algorithm, we attempted to enhance the LB by incorporating
cuts derived from the dual of the LP relaxation of the subproblem at each iter-
ation. However, this approach did not yield any significant improvement in the
LB and the cuts appeared to be redundant. we also aimed to enhance the speed
of solving the VRP subproblem. Initially, we applied an exact column generation
algorithm for this purpose. Unfortunately, our proposed column generation ap-
proach did not yield significant improvements in solution time. Consequently, we
refined and adapted this approach specifically for the PVRP problem, aiming to
solve the PVRP directly using the column generation algorithm. In the second part
of Chapter 4, we propose a column generation-based heuristic to solve the PVRP.
In the pricing problem, we applied Martinelli et al. (2014) algorithm. However, to
maintain elementarity in solving the pricing sub-problem, we applied two different
approaches: one proposed by Dayarian et al. (2015) and a hybrid approach. At the
end of the algorithm, if the optimal solution to the master problem is fractional,
we solve the integer RMP, allowing visits to customers more frequently than their
specified frequencies. Based on this solution, we generate a new €2 and enrich it with
additional columns. We then resolve the problem using the updated 2. To expedite
the column generation-based heuristic, we attempt to identify negative reduced cost

columns by first exploring the column pool, then implementing the truncated-search
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version of the dynamic programming algorithm, and finally implementing the full-
search version of the dynamic programming algorithm if the other approaches fail.
After finding a predetermined number of elementary negative reduced cost columns,
we terminate any pricing iteration further to control time. The results show that the
proposed algorithm produces results very close to the best-known solutions in the
literature, with an average deviation of only 0.21%. This highlights the effectiveness
of the algorithm, especially given that most instances show either no deviation or

very minor deviations from the best-known solution in the literature.

Time window and non-crossing intra-route constraints can be seamlessly integrated
into the proposed column generation algorithm by incorporating them directly into
the pricing problem. This approach ensures that these constraints are enforced
during the column generation process. However, integrating non-crossing inter-route
and driver consistency constraints requires a different approach. These constraints
need to be included in the master problem, where the master problem verifies the
absence of arc intersections between different routes. As the size of €2 increases, this

verification process can become computationally intensive.

In Chapter 5, we presented an MILP formulation and a PTALNS algorithm to ef-
ficiently solve the PVRPTW instances considering visual attractiveness and driver
consistency restrictions. We evaluated the performance of the PVRPTWDCVA
formulation and assessed the efficiency of the PTALNS algorithm. For small-size
instances, the PTALNS algorithm was tested and compared against the Gurobi
solver with different numbers of available vehicles. PTALNS consistently found
high-quality solutions within reasonable computational times, even for instances
where Gurobi struggled to reach optimality or feasible solutions within the time
limit. Large-size instances from data set S6 were addressed using a VNS algo-
rithm, revealing that routing has inefficiencies regarding route crossings and driver
consistency. There are on average 50.35 inter-route crossings in each solution and
approximately 45 percent of customers visit more than one driver during their vis-
its. To have appealing routes and considering driver consistency the instances in
data set S6 are also solved by ALNS and PTALNS algorithms. In the comparison
between ALNS and PTALNS, the latter is more robust and outperforms in solving
all instances. Furthermore, PTALNS also demonstrated superior performance over

ALNS in solving instances from data set S7.

Future research can explore various algorithmic enhancements to improve the per-
formance of the column generation approach to solve PVRP. These include the
implementation of cutting planes, advanced branching strategies, and sophisticated

data structures for label storage during the pricing stage. Additionally, the inte-
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gration of metaheuristics could further enhance the efficiency and effectiveness of
the method. There are also several potential directions for extending the current
work on PVRPTWVADC. First, exploring different metrics for visual attractiveness
could provide valuable insights into their impact on routing efficiency and overall ef-
fectiveness. Second, during the destruction and construction phases, the constraints
related to visual attractiveness and driver consistency could be relaxed. Violations
of these constraints could then be incorporated as penalty costs within the objective
function, allowing for a more flexible approach to solution optimization. Finally,
leveraging data mining techniques to analyze historical driver behavior could inform
routing decisions, potentially leading to more efficient and driver-friendly routes

based on past performance and preferences.
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