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Executive Summary

Groupe Renault is the largest car manufacturer in France. A significant part of its revenue comes from the sale of Light Commercial Vehicles (LCVs). These LCVs with their large carrying capacity for their small size and turning radius are used readily to transport goods inside cities. Indeed, a significant portion of the transport of goods inside cities is accomplished using LCVs. This has been the case for the last few decades. Parallelly, over the last few decades, there have been two changes relevant to the themes of this thesis. First, the size of cities, and thus the demand for goods inside them has grown and keeps on growing. According to estimates by the World Bank, 3.5 billion people will be added to cities in the next 40 years, with most of this growth occurring in developing countries. Secondly, a new kind of vehicle technology -autonomous driving -has undergone rapid development and is -according to various industry estimates -at the cusp of adoption. Indeed at the time of writing, in some parts of the world, some of these vehicles are currently actively delivering goods. These vehicles may be used for the transport of goods inside cities, for which there is a growing demand.

Groupe Renault is faced with the question of whether the advent of autonomous vehicles will impact the sales of LCV's used for the transport of goods inside cities? This thesis finds its birth in this strategic question Groupe Renault is faced with.

The transport of goods inside cities is diverse. There are movements of different kinds with different characteristic. To respond to this question, first a relevant subset of the transport of goods inside cities must be chosen. For this thesis, last mile deliveries are chosen as the domain of interest. Then, to respond to the question, according to the author an intimate cognizance of how LCVs are currently used is necessary. It is also important, to develop a broad yet sufficiently detailed understanding of the operating process inside which these vehicles functions. Once this is accomplished, the question of substitution of these vehicles by a newer technology can be raised. To attain this knowledge, field visits were undertaken: time was spent at various firms engaged in the activity of last mile logistics. The operational process was attentively studied. Interviews were also conducted; professionals and academicians working in the domain of autonomous vehicles and last mile logistics were questioned. This permits the broaching of the question of substitution. This is not sufficient as it is also necessary to have a relevant metric to gauge the substitution with. How to evaluate whether using autonomous vehicles to deliver goods is better than using conventional vehicles (LCVs)? What is better? How is it better? For whom is it better? If it is better, how much better is it and why? This thesis proposes a analytical framework to tackle these questions. The question of substitution is looked at through the angle of cost from a private perspective; for a logistics firm, which vehicle -under a specific set of operating parameters -offers the least cost per delivery? To inspect this question a microeconomic model of costs is developed. This model explicitly accounts for warehouse location, warehouse size, customer density, vehicle costs and the heterogeneity of last mile deliveries. While some vehicle costs models which account for different operating constraints are found in the literature, this thesis extends a relevant model of vehicle costs under operating constraints. Also, through a simple yet practical methodology this model explicitly accounts for the warehouse location and costs associated with the warehouse. Using this model, various vehicles are compared over a set of operating parameters.

Part I of this thesis is titled The Playing Field to describe the field where this game is played. In other words, to provide context. It has three chapters. It provides a detailed introduction to the subject of the transport of goods inside cities and autonomous vehicles. It also presents the research questions and methodology used to answer them. Chapter 1, The transport of goods inside cities, begins with a description of cities: their characteristics and a short reasoning of why and how they exist is presented. Notably, it puts forth the idea that cities, in order to produce ideas and services, require a large amount of resources. The systems that enable the provision of these resources, termed as Urban Logistics are described through definitions, frameworks and various classifications/subsets. A subset of Urban Logistics, Last Mile Logistics is examined extensively. The purpose of describing Urban Logistics and Last Mile Logistics is to both a) paint a (broad, and in many ways incomplete, yet, for our purposes, practical and useful) picture of the transport of goods inside cities, and b) explicit which part of the trans-port of goods inside cities is this thesis concerned with (Last Mile Logistics or B2C deliveries). This is followed by an introduction to Electronic Commerce. Various kinds are briefly presented. The link between E-Commerce and Last Mile Logistics is made explicit. Then, negative externalities linked to Urban Logistics are described. A section on urban deliveries follows. In it, two main types of vehicles currently used in Last Mile Logistics and relevant to our thesis are described. A few words are also used to describe the driver/deliverer and his role in the delivery process. This is pertinent as the core of this thesis is the comparison of various kinds of vehicles used for Last Mile Logistics (with a focus on autonomous vehicles, which are introduced in Chapter 2, and through the use of which, the role of a driver/deliver is fulfilled alternatively), on various parameters to determine suitability according to different performance related characteristics. Chapter 2, Vehicles that drive themselves deals with Autonomous Vehicles. First, a short, incomplete history of the transmission of information is provided as an introduction to the chapters topic. Then, following a brief history of the development of autonomous vehicles, the current state of autonomous vehicles is presented. Notably, the SAE classification is presented, along with various prototypes that have been developed. Then, capabilities of AECS vehicles, the implications -potential pros and cons -of their adoption, the barriers to their implementation and various policy considerations linked to them are described. This chapter provides a general overview of autonomous vehicles. Finally, in Chapter 3, AECS Vehicles in Last Mile Logistics: Opportunities, Challenges; Research Questions, Methodology, first a state of the art of autonomous vehicles in urban logistics is presented. Various sources, both academic and non academic, are discussed to show that a) autonomous vehicles designed specifically for urban logistics have already been developed and are being used/tested in some specific circumstances, b) that these vehicles, at least in some specific circumstances, are able to successfully respond to some of the operational constraints of delivery in an urban context and c) that this has implications for actors across the value chain. In the second section of this chapter the research theme for this thesis and the proposed methodology to respond to these research questions is discussed. The research questions are chosen as "Does the use of AECS vehicles in Urban Logistics provide an incentive?" or "Can the use of AECS vehicles in Urban Logistics add value?". "If yes, to whom? how? when?". The decision to examine the incentives the use of autonomous vehicles in urban logistics is presented and justified. The fact that this examination will be undertaken through the creation of a mathematical model is presented. Lastly, the sources of data used and the process of collection of data are described and justified.

The second part of this thesis is titled The Rules of the Game. In this part, the groundwork used for this analysis are presented. These 'rules' take the form of a model of costs incurred to the firm per delivery. To construct this model, operational parameters assimilated through interviews and field observations are used. Chapter 4, The Activity of Urban Deliveries in Logistic Firms as understood through interviews with professionals and field visits has as its aim the representation of a real world understanding of the operational process of urban deliveries. Interviews conducted are listed. Visits undertaken are detailed. Motivations and challenges associated with obtaining these are shared. It is noted that the operational process is examined through the lens of cost. Through these different visits, the operational parameters that compose the activity of urban deliveries are delineated. The logistics facility, the vehicles, the associated personnel are described, and aspects linked to these are represented in terms of variables that are used in the following chapter to develop a model for cost per delivery. Light is also shed on the heterogeneity of the activity of urban deliveries, and demand categories/market segments conceived to represent this diversity are presented. Then, attention is placed on the role of the driver/deliverer in the process of urban deliveries. It is made evident that the driver/deliverer does more delivering than driving and that his experience can contribute significantly to the efficiency of a round. The question of the substitution of the duties carried out by the driver/deliverer during autonomous deliveries is examined. The notion of loss of service is introduced. In Chapter 5, A microeconomic model of cost per delivery with integrated vehicle choice and warehouse location, the notions expressed in Chapter 5 are mathematically formalised. Costs linked to the warehouse in the sequence of urban deliveries are described in terms of rental costs, employee wages, and other costs. A Total Cost of Ownership model is designed in order to compare various vehicles for urban logistics. The model accounts for the main operating constraints pertaining to last mile delivery. Those constraints are: the driver's working day duration, the vehicle's autonomy, the vehicle's capacity in volume, and in weight. Based on those constraints, the number of rounds and number of deliveries per round are calculated. Costs linked to the warehouse, costs linked to the vehicles and deliveries made per day are assembled to output the cost per delivery. This is used to compare the cost competitiveness of various vehicles over different paradigms.

Part III, The Score, contains the results and discussion. 3 scenarios are constructed, which are extended in the discussion section. The cost per delivery offered under a specific market segment, customer density and warehouse location is compared over different vehicles. The domains of competitiveness of various vehicles are noted. A novel kind of analysis, which determines which combination of warehouse location and vehicle type offers the lowest cost per delivery is undertaken and presented. In implications are noted; namely that the location of the warehouse and the choice of the vehicle are not independent. It is showed that diesel vans operating out of a warehouse located at 10 km from the first delivery offer the least cost per delivery under the three initial scenarios. It is noted that as the price of autonomous vehicles decrease, they can offer the lowest cost of deliveries for customers that are indifferent to the level of service. A note on the domain of validity of the model is presented and directions of future research are presented.

Résumé

Le Groupe Renault est le premier constructeur automobile français. Une part importante de son chiffre d'affaires provient de la vente de véhicules de type Véhicules utilitaire léger (VUL). Ces VUL avec leur grande capacité de charge pour leur petite taille et leur rayon de braquage sont utilisés facilement pour transporter des marchandises à l'intérieur des villes. En effet, une part importante du transport de marchandises à l'intérieur des villes est réalisée à l'aide de VUL. C'est le cas depuis quelques décennies. Parallèlement, au cours des dernières décennies, il y a eu deux changements pertinents pour les thèmes de cette thèse. Premièrement, la taille des villes, et donc la demande de biens à l'intérieur de celles-ci, a augmenté et continue d'augmenter. Selon les estimations de La Banque Mondiale, 3,5 milliards de personnes viendront s'ajouter aux villes au cours des 40 prochaines années, la majeure partie de cette croissance se produisant dans les pays en développement. Deuxièmement, un nouveau type de technologie automobile -la conduite autonome -a connu un développement rapide et est, selon diverses estimations du secteur, sur le point d'être adopté. En effet, à l'heure où nous écrivons ces lignes, dans certaines régions du monde, certains de ces véhicules sont en train de livrer des marchandises. Ces véhicules peuvent être utilisés pour le transport de marchandises à l'intérieur des villes, pour lequel il existe une demande croissante.

Le Groupe Renault est confronté à la question de savoir si l'avènement des véhicules autonomes aura un impact sur les ventes de VUL utilisés pour le transport de marchandises en ville. Cette thèse trouve sa source dans cette question stratégique à laquelle le Groupe Renault est confronté.

Le transport de marchandises à l'intérieur des villes est diversifié. Il existe des mouvements de différentes natures avec des caractéristiques différentes. Pour répondre à cette question, il faut d'abord choisir un sous-ensemble pertinent du transport de marchandises en ville. Pour cette thèse, les livraisons du dernier kilomètre sont choisies comme domaine d'intérêt. Ensuite, pour répondre à la question, selon l'auteur, une connaissance intime de la façon dont les VUL sont actuellement utilisés est nécessaire. Il est également important de développer une compréhension large mais suffisamment détaillée du processus opérationnel dans lequel ces véhicules fonctionnent. Une fois cette tâche accomplie, la question du remplacement de ces véhicules par une technologie plus récente peut être soulevée. Pour atteindre cette connaissance, des visites sur le terrain ont été entreprises : du temps a été passé dans diverses entreprises engagées dans l'activité de logistique du dernier kilomètre. Le processus opérationnel a été étudié avec attention. Des entretiens ont également été menés ; des professionnels et des universitaires travaillant dans le domaine des véhicules autonomes et de la logistique du dernier kilomètre ont été interrogés. Cela permet d'aborder la question de la substitution. Mais cela n'est pas suffisant car il faut également disposer d'une métrique pertinente pour évaluer la substitution. Comment évaluer si l'utilisation de véhicules autonomes pour livrer des marchandises est meilleure que l'utilisation de véhicules conventionnels (VUL) ? Qu'estce qui est mieux ? Comment est-ce mieux ? Pour qui est-ce mieux ? Si c'est mieux, dans quelle mesure et pourquoi ? Cette thèse propose un cadre analytique pour aborder ces questions. La question de la substitution est examinée sous l'angle du coût d'un point de vue privé ; pour une entreprise de logistique, quel véhicule -sous un ensemble spécifique de paramètres d'exploitation -offre le moindre coût par livraison ? Pour examiner cette question, un modèle microéconomique des coûts est développé. Ce modèle prend explicitement en compte la localisation et la taille des entrepôts, la densité de la clientèle, les coûts des véhicules et l'hétérogénéité des livraisons du dernier kilomètre. Alors que l'on trouve dans la littérature quelques modèles de coûts de véhicules qui tiennent compte de différentes contraintes d'exploitation, cette thèse étend un modèle pertinent de coûts de véhicules sous contraintes d'exploitation. De plus, grâce à une méthodologie simple mais pratique, ce modèle prend explicitement en compte l'emplacement de l'entrepôt et les coûts associés à l'entrepôt. En utilisant ce modèle, divers véhicules sont comparés sur un ensemble de paramètres d'exploitation.

La première partie de cette thèse s'intitule The Playing Field pour décrire le terrain où se joue ce jeu. En d'autres termes, pour fournir un contexte. Elle comporte trois chapitres. Il fournit une introduction détaillée au sujet du transport de marchandises à l'intérieur des villes et des véhicules autonomes. Il présente également les questions de recherche et la méthodologie utilisée pour y répondre. Le chapitre 1, The transport of goods inside cities, commence par une description des villes : leurs caractéristiques et un bref raisonnement sur le pourquoi et le comment de leur existence sont présentés. Il avance notamment l'idée que les villes, pour produire des idées et des services, ont besoin d'une grande quantité de ressources. Les systèmes qui permettent de fournir ces ressources, appelés logistique urbaine, sont décrits à travers des définitions, des cadres et diverses classifications/sous-ensembles. Un sous-ensemble de la logistique urbaine, la logistique du dernier kilomètre, est examiné en détail. La description de la logistique urbaine et de la logistique du dernier kilomètre a pour but a) de brosser un tableau (large et incomplet à bien des égards, mais, pour nos besoins, pratique et utile) du transport de marchandises dans les villes, et b) d'expliciter la partie du transport de marchandises dans les villes sur laquelle porte cette thèse (logistique du dernier kilomètre ou livraisons B2C). Cette partie est suivie d'une introduction au commerce électronique. Les différents types sont brièvement présentés. Le lien entre le commerce électronique et la logistique du dernier kilomètre est explicité. Ensuite, les externalités négatives liées à la logistique urbaine sont décrites. Une section sur les livraisons urbaines suit. Les deux principaux types de véhicules actuellement utilisés dans la logistique du dernier kilomètre et pertinents pour notre thèse y sont décrits. Quelques mots sont également utilisés pour décrire le conducteur/livreur et son rôle dans le processus de livraison. Ceci est pertinent car le coeur de cette thèse est la comparaison de différents types de véhicules utilisés pour la logistique du dernier kilomètre (avec un accent sur les véhicules autonomes, qui sont présentés dans le chapitre 2, et par l'utilisation desquels, le rôle d'un conducteur/livreur est rempli alternativement), sur différents paramètres pour déterminer la pertinence en fonction de différentes caractéristiques liées à la performance. Le chapitre 2, Vehicles that drive themselves traite des véhicules autonomes. Tout d'abord, une histoire brève et incomplète de la transmission d'informations est présentée en guise d'introduction au sujet du chapitre. Ensuite, après un bref historique du développement des véhicules autonomes, l'état actuel des véhicules autonomes est présenté. En particulier, la classification SAE est présentée, ainsi que les différents prototypes qui ont été développés. Ensuite, les capacités des véhicules AECS, les implicationsavantages et inconvénients potentiels -de leur adoption, les obstacles à leur mise en oeuvre et les diverses considérations politiques qui leur sont liées sont décrites. Ce chapitre donne un aperçu général des véhicules autonomes. Enfin, dans le chapitre 3, AECS Vehicles in Last Mile Logistics: Opportunities, challenges; Research Questions, methodology, un état de l'art des véhicules autonomes dans la logistique urbaine est présenté. Diverses sources, universitaires et non universitaires, sont examinées pour montrer que a) des véhicules autonomes conçus spécifiquement pour la logistique urbaine ont déjà été développés et sont utilisés/testés dans certaines circonstances spécifiques, b) que ces véhicules, au moins dans certaines circonstances spécifiques, sont capables de répondre avec succès à certaines des contraintes opérationnelles de la livraison dans un contexte urbain et c) que cela a des implications pour les acteurs de la chaîne de valeur. Dans la deuxième section de ce chapitre, le thème de recherche de cette thèse et la méthodologie proposée pour répondre à ces questions de recherche sont discutés. Les questions de recherche sont choisies comme suit : "L'utilisation des véhicules AECS en logistique urbaine est-elle incitative?" ou "L'utilisation des véhicules AECS en logistique urbaine peut-elle apporter une valeur ajoutée?". "Si oui, à qui ? comment ? quand?". La décision d'examiner les incitations à l'utilisation de véhicules autonomes dans la logistique urbaine est présentée et justifiée. Le fait que cet examen sera entrepris par la création d'un modèle mathématique est présenté. Enfin, les sources de données utilisées et le processus de collecte des données sont décrits et justifiés.

La deuxième partie de cette thèse est intitulée The Rules of the Game. Dans cette partie, les bases utilisées pour cette analyse sont présentées. Ces 'Rules' prennent la forme d'un modèle des coûts encourus par l'entreprise par livraison. Pour construire ce modèle, des paramètres opérationnels assimilés par des entretiens et des observations sur le terrain sont utilisés. Le chapitre 4, The Activity of Urban Deliveries in Logistic Firms as understood through interviews with professionals and field visits a pour objectif de représenter une compréhension du monde réel du processus opérationnel des livraisons urbaines. Les entretiens menés sont répertoriés. Les visites effectuées sont détaillées. Les motivations et les défis associés à leur obtention sont partagés. Il est à noter que le processus opérationnel est examiné sous l'angle du coût. A travers ces différentes visites, les paramètres opérationnels qui composent l'activité des livraisons urbaines sont délimités. L'installation logistique, les véhicules, le personnel associé sont décrits, et les aspects liés à ceux-ci sont représentés en termes de variables qui sont utilisées dans le chapitre suivant pour développer un modèle de coût par livraison. L'hétérogénéité de l'activité des livraisons urbaines est également mise en lumière et les catégories de demande/segments de marché conçus pour représenter cette diversité sont présentés. Ensuite, l'attention est portée sur le rôle du chauffeur/livreur dans le processus des livraisons urbaines. Il est évident que le chauffeur/livreur effectue plus de livraisons que de conduite et que son expérience peut contribuer de manière significative à l'efficacité d'une tournée. La question de la substitution des tâches effectuées par le chauffeur/livreur lors des livraisons autonomes est examinée. La notion de perte de service est introduite. Dans le chapitre 5, A microeconomic model of cost per delivery with integrated vehicle choice and warehouse location, les notions exprimées au chapitre 5 sont formalisées mathématiquement. Les coûts liés à l'entrepôt dans la séquence des livraisons urbaines sont décrits en termes de coûts de location, de salaires des employés et d'autres coûts. Un modèle de coût total de possession est conçu afin de comparer différents véhicules pour la logistique urbaine. Le modèle tient compte des principales contraintes opérationnelles liées à la livraison du dernier kilomètre. Ces contraintes sont : la durée de la journée de travail du conducteur, l'autonomie du véhicule, la capacité du véhicule en volume et en poids. En fonction de ces contraintes, le nombre de tournées et le nombre de livraisons par tournée sont calculés. Les coûts liés à l'entrepôt, les coûts liés aux véhicules et les livraisons effectuées par jour sont assemblés pour obtenir le coût par livraison. Ce dernier est utilisé pour comparer la compétitivité des coûts de différents véhicules sur différents paradigmes.

La partie III, The Score, contient les résultats et la discussion. Trois scénarios sont élaborés, qui sont développés dans la section discussion. Le coût par livraison offert dans un segment de marché spécifique, la densité de la clientèle et l'emplacement de l'entrepôt est comparé pour différents véhicules. Les domaines de compétitivité des différents véhicules sont notés. Un nouveau type d'analyse, qui détermine la combinaison de l'emplacement de l'entrepôt et du type de véhicule offrant le plus faible coût par livraison, est entrepris et présenté. Des implications sont notées, à savoir que l'emplacement de l'entrepôt et le choix du véhicule ne sont pas indépendants. Il est démontré que les camionnettes diesel opérant à partir d'un entrepôt situé à 10 km de la première livraison offrent le coût le plus bas par livraison dans les trois scénarios initiaux. On note que lorsque le prix des véhicules autonomes diminue, ils peuvent offrir le coût de livraison le plus bas pour les clients indifférents au niveau de service. Une note sur le domaine de validité du modèle est présentée et les directions des recherches futures sont présentées.

Introduction

A story has no beginning or end: arbitrarily one chooses that moment of experience from which to look back or from which to look ahead.

-Graham Green

In the beginning the Universe was created. This has made a lot of people very angry and been widely regarded as a bad move.

-Douglas Adams

The economic and social context at the beginning of this research endeavour On January 30, 2018, autonomous delivery startup Nuro 1 raised 92 million USD in its Series A funding round. On February 11, 2019, roughly a year after the Series A funding round, Nuro raised 940 million USD in its Series B funding round. Till date, apart from raising 6.2 billion USD, it has partnerships with Walmart, Dominoes Pizza and Chipotle among others. Another company, Starship Technologies 2 has raised close to 200 million USD till date. The firm udelv 3 , yet another autonomous delivery company has raised 20 mil-lion USD. These are but three examples from a dynamic, growing, ecosystem.

On 31 December 2019, The World Health Organisation (WHO) was informed of cases of pneumonia of unknown cause in Wuhan City, China. A novel coronavirus was identified as the cause by Chinese authorities on 7 January 2020 and was temporarily named "2019-nCoV". The new virus was subsequently named the "COVID-19 Virus". On 30 January 2020, Dr Tedros Adhanom Ghebreyesus, WHO Director-General declared the novel coronavirus outbreak a public health emergency of international concern (PHEIC), WHO's highest level of alarm. 4 COVID-19 changed various facets of life as we knew it.

Since 1960 to 2019, across the world, the share of urban population as a percentage of total population grew from about 35% to 60%. The World Bank estimates that by 2050, another 2.5 billion people will be added to cities, notably in developing regions. This means, that the requirement of the transport of goods and people inside cities, which is already high, will continue to grow.

Chaos and uncertainty at the cusp of widespread adoption of autonomous vehicles

Funding, for firms working on autonomous vehicle technology, seems to not be a constraint. Traditional automobile manufacturers fear a paradigm change; in their eyes -and that of the world -vehicles have always been driven by someone. Now that someone is on the verge of being removed from this equation. The driver, who has piously driven vehicles since time immemorial, is on the cusp of being replaced by a panoply of sensors, semiconductors, and some elegant lines of code. This has implications across the value chain: from producers to users -even spectators and reporters -everyone is concerned. It is a descent into the world of chaos and uncertainty. The need for order is palpable.

This thesis officially debuted, pre-pandemic, on November 14, 2018, in this miasma of suspicion. Groupe Renault, along with then IFSTTAR5 proposed Autonomous Vehicles and Urban Logistics as the theme of this thesis, to inspect, specifically, the role of autonomous vehicles in urban logistics. 6Light Commercial Vehicles (and their anticipated autonomous brothers), as they are used ubiquitously to transport goods inside cities, were also intended as a topic of inspection.

There were numerous discussions with various players, both corporate and academic, about what this thesis should be about. What was important? How was it to be addressed? Everything was fair game for questioning. The themes of inquiry -at the start -included, but were not limited to, the following;

• A rearrangement of the existing value chain: Traditionally, car manufacturers and tech firms have had independent domains of functioning. While, over the decades the amount of electronics in a car have steadily increased, it is perhaps Tesla that blurred all lines by demonstrating that one company can be both a technology company and a car manufacturer. For Groupe Renault and the themes of this thesis, there was the possibility of tech firms, like Alphabet7 moving upstream the value chain to manufacture their own vehicles. There was also the question of Groupe Renault proposing a solution downstream. Could Renault have its own fleet of autonomous vehicles and become a Logistics as a Service (LAAS) provider?

• New ownership paradigms and resulting, new, business models: The possibility of sharing that connected vehicles offer raised another set of questions. Who owns the vehicle? Is it more cost-effective, from a ownership point of view, to rent when needed rather than own? Can logistics companies collude to share vehicles? Mobile workers -another important segment of LCV users -may they benefit from having a vehicle that they can call 8 when they need it?9 Could it be imagined that the vehicle and its worker operate independently -that the vehicle reaches its destination without and unaccompanied by its operator? Similar questions revolved around 'following robots' for deliveries -the deliverer is on foot, being followed by an autonomous vehicle, making deliveries. What would be the business models in these scenarios?

Where and how would Groupe Renault position itself strategically?

These questions loomed large. They made for stimulating and dynamic conversation and potentially exciting research. Then, COVID-19 hit. The conversation, which was previously stimulating and dynamic, had undergone a human child equivalent of the discovery of an unlimited supply of tasty, sugary, caffeinated beverages. 10 The world was catapulted headfirst into disarray. After an year of declining economies, overburdened healthcare systems, imposition of lock downs and crumbling supply chains, jagged scar tissue emerged. The situation seemed to stabilize in 2021; a new -albeit doused in uncertainty -normal was established. A key characteristic of this 'new normal' way of life was limited social interaction, as a consequence of which, e-commerce increased drastically. The landscape of the transport of goods inside cities -whose relief had, until now, only gently undulated -faced the equivalent of an earthquake of magnitude 9. According to the Adobe Digital Index, "The COVID-19 pandemic created a seismic shift in eCommerce, as consumers spent months avoiding physical stores and going online to buy everything from groceries to fitness equipment. By the end of 2020, the final tally came in at $844 billion, a staggering 42 percent more than consumers had spent online in the year prior". 11 The shock waves impacted this thesis too. A number of exploratory, unstructured discussions with various professionals and academics, on the subject of autonomous vehicles in urban logistics (and more specifically on their use in last mile logistics), were engaged in. The theme of autonomous last mile delivery rose to eminence in the stimulating, dynamic and caffeinated conversation. However, stimulating conversations, as well as unstructured lists of unclearly defined issues, do not 8 Like one does with UBER constitute a research question

Research questions and methodology

The promise of Autonomous Vehicles (AVs) lies -as did the promise of almost all automation technologies in the past -in the removal of the human driver from the operating process. With no humans involved, be it for driving people or for driving goods, first and foremost, no wage has to be paid to the humans. Secondly, perhaps, the process could be accomplished in a way that was more efficient -cheaper, safer, faster, cleaner, etc. If, an autonomous vehicle is substituted in an existing process, the gains from the wages saved and the higher efficiency can be shared -at least theoretically -among the different actors of the value chain. It was thus that a transition from research theme to a formal research question was undertaken. The question, does the use of autonomous vehicles add value in last mile logistics? was adopted at the central focus of this thesis. This question, in many ways, is also the first question that needs to be answered -only if some actors in the value chain of last mile logistics see some advantage in using autonomous vehicles, will they be adopted, and only then are the questions concerning a rearrangement of the existing value chain, new ownership patterns and new business models pertinent.

This central focus prompted more rumination; add value for whom? If the use of these vehicles adds value, how and why does it add value? Is the value shared among different parties of the value chain? How? It also raised the question of the method: What strategy had to be adopted to find answers?

It became clear to the author that a comprehensive, practical, real world understanding of the operational process of last mile logistics was critical to respond to the central question of this thesis.

Data used

To get this real world understanding for this research, field visits were essential, as this information is not readily available in the literature. Thus, field visits, where the author could observe and, if possible, even active participate in the activity of Last Mile Deliveries, were sought with a fury. Efforts were made also to discuss with professionals working in the field on the subject of vehicle choice and their opinion on the potential use of autonomous vehicles in Last Mile Deliveries (LMD). However, these opportunities were difficult to come by as, while for the author these were a trove of valuable insights, for the firm who would welcome the author into its operations, the author was akin to a nuisance, an operational obstacle. 12 The author persevered, and offered to share the applicable outcomes of his research with the firms. Finally, five firms consented to visits, and the knowledge of operational process and operating constraints of LMDs gained through these visits formed the backbone of this analysis. It led to the establishment of the following working assumptions;

• LMDs have a defined process, which has endemic operational constraints. These operational constraints stem from, among others, the length of a working day, the type of vehicle used and the location of the warehouse. The question of the use of Autonomous Vehicles for LMDs is a question of the introduction of a new asset in to an existing process with its defined and preexisting operational constraints.

• Last mile deliveries are heterogeneous. Some deliveries are heavy, some are light. Some take a long time to deliver, others are delivered quickly. Some are delivered to large supermarkets with unloading bays, others to flats on the fifth floor of an apartment building without an elevator. Depending on the goods, there may be a requirement for refrigerated vehicles. In other words, there is a diversity of operational constraints depending on the type of deliveries. Thus, an AV must respond successfully to these diverse operational constraints.

• The question of cost is central in LMD as it is an industry with very slim profit margins. Thus, the adoption of AVs for LMDs will probably be motivated by cost, and be impacted by the various, diverse operational constraints.

• The question of efficiency is also central: logistics in general, and urban logistics in particular, is about putting goods into the hands of their users. The way that is done can be very inefficient (slow, unreliable, requiring patience and involvement from the receiver) or very efficient (fast, flexible, reliable, almost effortless for the receiver). This notion of level of service is critical: only new assets that improve level of service can be adopted. Or, if they leave the level of service unchanged, or worsened, this has to be more than compensated by a cost improvement.

• The human in the vehicle plays the role of driver and deliverer. There is a level of service associated with his presence as it is he who undertakes the last meters of the last mile. This level of service has different implications according to the different types of deliveries. As with AVs, there will be no driver/deliverer, there will be an impact of the level of service.

Comparison of costs

These working assumptions made it evident that different vehicles (including AVs), each responding idiosyncratically, must be compared, on a parameter linked to cost, to determine which vehicle is the most competitive.

In the literature, the tools for this comparison were not readily available. There is a literature about what urban logistics is, in its diversity, but it often lacks information about the operating processes and the accompanying constraints. There is also a large literature, in operations research, regarding algorithms for the optimisation of operations. However it is not relevant to the macroscopic exercise this thesis is about, as such algorithms are typically designed to solve operational issues pertaining to a single firm, often using its own precise data.

Finally, there is an increasing literature about the introduction of new vehicles (or other things) into urban logistics process, with adaptations of Total Cost of Ownership (TCO) approaches. That type of approach is particularly interesting, as, when properly done, it accounts for the process reorganisation that necessarily takes place when one part, or asset, involved in that process, is replaced by one with very different characteristics. TCO approaches (and related ones) are also relevant to this research in terms of detail and quality of the available data. Thus, using assembling, modifying and extending relevant tools that were found, a new tool -a simple microeconomic model of cost per delivery -was developed. Along with this model, various input parameters -representative of the heterogeneity of LMD -were organised to created market segments and scenarios in which this model could be applied. Some published studies compare the competitiveness of autonomous vehicles. However, in their analysis, certain operational constraints -critical to an accurate comparison -are not taken into account. As an example, consider the question of warehouse location; not only do warehouse rental costs wary as a function of proximity to the center of a city, if a warehouse is located far from its final customers, certain vehicles like Cargo bikes are too constrained by their autonomy to be used. In other words, the inclusion of correct operational constraints is important to faithfully represent the domain of competitiveness of vehicles, and their specific operating characteristics. The field visits that were undertaken not only allowed the identification of relevant constraints, they also but also enabled an estimation of the orders of magnitudes of their impact in terms costs. This was absolutely critical to the model calibration, and almost impossible to find in any other way.

Further, that the modelling is not only the model, it is also the segments, and the scenarios The model developed in this thesis integrates these key operational constraints for a more faithful comparison, enabling informative responses on the potential of (and the conditions for) the use of Autonomous Vehicles for Last Mile Deliveriess.

A note about electric vehicles

Not only was 2010-2019 the warmest decade on record, on the current path of carbon dioxide emissions, global surface temperature could increase by as much as 4.4°C by the end of the century. 13 Global warming entered collective discourse when NASA climate scientist James Hansen used it in his 1988 testimony in the U.S. Senate and alerted the public to its dangers. Since, its popularity -and importance to our lives, and the themes of this thesis -has unfortunately and steadily increased.

Since the implications of climate change are so profound and far reaching, almost all governments around the world have adopted strategies to halt global warming and to counteract its effects. For example, in 2018, France adopted the second national plan to adapt to climate change. 14While not the focus of this thesis, those topics are so important that the way they interfere with the research question cannot be ignored. The reader will observe that autonomous vehicles are not only compared to current, conventional solutions for urban logistics, but also to alternative, "green"15 solutions. The question, per se, is not to identify the domain of competitiveness of those solutions for energy transition, but to examine how our conclusions regarding autonomous vehicles for urban logistics are robust to the very probable upcoming economic and regulatory changes.

A note about the structure

This manuscript is divided into three parts.

Part I, The Playing Field, puts this problem in its context. First, the transport of goods in cities is examined. Then, the technology of Autonomous Driving is presented. Following this, the current and potential use of autonomous vehicles used in urban logistics is discussed. This sheds light on the complexity and heterogeneity of LMDs along with the readiness and appropriateness of the use of AVs for LMD. Lastly, the research themes of the thesis, and the methodology used are detailed. The choice of the development of a microeconomic model of costs per delivery -which enables comparison between different vehicles -based on operational constraints derived from field research is elaborated.

In Part II, The Rules of the Game, information about and a model of the operating constraints of LMD is presented. The activity of last mile deliveries as observed in the field -through field visits and interviews conducted -is presented. These fields visits enabled the identification of key operating constraints and the creation of different market segments. Based on these parameters (and the literature on last mile deliveries) a cost model which compares the cost per delivery by different vehicles is presented.

This model takes into account the warehouse location, customer density and (some of) the heterogeneity of last mile deliveries. This model builds on existing literature regarding options for urban logistics: vehicles fixed and variable costs are taken into accounts, as well as the following operating constraints: round duration (limited, or not, by the duration of the driver's work day, or by another limit), volume and weight capacity, autonomy (when relevant), etc. As customary in this type of models, customer density (more precisely the distance between deliveries), duration of each delivery operation, distance between the warehouse (from which all vehicles are assumed to start their rounds), are also taken into account.

As built, the model is able to take into account the following characteristics of each assessed vehicle: purchasing cost, operating cost (including energy and wages), speed, capacity in volume and weight, and autonomy. This makes the model able to compare a wide variety of options, including autonomous vehicles for urban logistics.

The model is an adaptation from existing approaches in the literature. It extends those models in two directions. First, the location of the warehouse is incorporated. When considering vehicles with very low speed, or limited autonomy or capacity, only warehouses located close to delivery areas can be considered. This is introduced in the model developed in this research, together with a model of warehouse cost depending on location. The second direction is that of level of service: as noted above, it is not the same thing to have a shipment delivered by a human in good hands (or in a mailbox, or on a porch) than to demand that the receiver is present and fetches the shipment on the street. This difference in processes is a difference in terms of involvement of the receiver. In other words, deliveries by autonomous vehicles cannot be compared ceteris paribus. One way to account for this difference in process is to consider a monetary level of service penalty when relevant; this is the strategy opted in the model.

Finally, in Part III, The Score, the results output by this model are presented. These are of two kinds. First, for three different warehouse locations, the cost per delivery associated with the use of different vehicles, under different operating circumstances is compared. This allows a better representation of the results of the interaction of all constraints, and how they contribute together to the domains of competitiveness of the different compared vehicles. Second, the combination of a vehicle and warehouse location, which offers the minimum cost per delivery for a given market segment and customer density is presented. Limitations of this model and directions of future research are also presented.

To remove all suspense, it appears from this research that, in a rather robust way, autonomous vehicles seem to under perform substantially compared to conventional processes for urban logistics. However, this conclusion isn't sufficient in itself. A range of sensitive tests are produced in order to better understand why autonomous vehicles can't find a viable business case under the current market circumstances, and what should shift for that to change. Among these tests, assumptions on level of service, purchasing costs, wages, regulatory changes, etc., are examined.

Remarks

A short note about pronouns; in the entirety of this thesis masculine pronouns are used (he or him instead of she, her, they or them). This is done only for brevity, and does not, in any way, imply that the fictional person in question can not belong to, identify with, or otherwise prefer being referred to by any other pronoun.

The modelling work was implemented on R. Version 4.1.2 (2021-11-01) -"Bird Hippie" was used. The good thing about R is that "R is free software and comes with absolutely no warranty.". Stack Overflow, and GitHub were used extensively as well.

"Life is more fun if you play games."

-Roald Dahl

Part I

The Playing Field: Introduction and Context Chapter 1

The transport of goods inside cities

The city is humanity's laboratory, where people flock to dream, create, build, and rebuild.

-Edward L. Glaesser

In this chapter, some information about the transport of goods inside cities is presented. Literature on Urban Logistics, in particular Last Mile Logistics, is examined. The phenomenon of e-commerce, its trends, and implications on last mile logistics, and thus this thesis is also examined. The transport of goods inside cities has unintended, negative, consequences; these are detailed too. Two main types of vehicles used for the transport of goods inside cities along with their characteristics are presented. This chapter ends with a note on the driver and deliverer.

This chapter serves as the starting point in terms of the conceptual approach of this thesis. It aims to introduce the subject of last mile deliveries, its importance, its various facets and complications associated with it. It aims also to familiarise the reader with the themes of research found in the literature on this topic.

Cities

Cities first emerged after the Neolithic period. Since, they have facilitated the exchange of goods and ideas [START_REF] Bairoch | Cities and economic development: from the dawn of history to the present[END_REF]. A high number of habitants per unit area, a phenomenon characteristic of cities, empowers this exchange. By concentrating a large number of people in a small area, various economies of scale and scope are achieved: infrastructure, transportation, commerce, education, job and marriage markets are but a few examples. For example, in Figure 1.1, the relationship between energy consumption and the density of inhabitants is depicted. Newman and Kenworthy show that the energy consumption per capita decreases hyperbolically as a function of urban density [START_REF] Jeffrey | Cities and transport energy: lessons from a global survey[END_REF]. Edward Glaeser, in his book Triumph of the City, indicates that successful cities (taking the example of Bangalore, India), create a virtuous cycle in which employers are attracted by the large pool of potential employees and workers are drawn by the abundance of potential employers. In his research he finds that, on average, as the share of a country's population that is urban rises by 10 percent, the country's per capita output increases by 30 percent. Per capita incomes are almost four times higher in those countries where a majority of people live in cities than in those countries where a majority of people live in rural areas. It is worth noting, however, that cities serve different functions in developed and developing economies. According to Glaesar "In America and Europe, cities speed innovation by connecting their smart inhabitants to each other, but cities play an even more crucial role in the developing world: They are gateways between markets and cultures." [START_REF] Glaeser | Triumph of the city: How urban spaces make us human[END_REF].

The density that creates advantages, also begets disadvantages; congestion, pollution, crime to name a few. Thus, a city planner is faced with creating circumstances that lead to a proliferation of the former and a reduction of the latter. These challenges faced by cities are likely to intensify as the cities grow. And indeed, cities are likely to grow. Cities, owing to their various advantages, continue to attract new inhabitants. Figure 1.2, from the World Bank data, shows the share of urban population as a share of total population from 1960 to 2019. It is projected that 2.5 billion people would be added to cities by 2050 [UN, 2018]. This figure further serves to show also that this increase in the population of cities is not entirely dependant on the generally population growth that the world is witnessing. In Figure 1.2 we note that the share of urban citizens, taken as a whole around the world, has grown about 30%, from 35% to 65%. It is also worth noting, however, that most of this growth is concentrated in developing regions like Africa, China and India.

The density characteristic of cities is also responsible for another phenomenon; cities consume immense quantities of resources. Cities, in order to produce ideas and services, require food, clothes, construction material, office supplies, etc. Meeting these needs is a non-substitutable economic function of cities. The logistics that leads to this need being met is often referred to as Urban Logistics, City Logistics, or Urban Freight, with these three terms being used interchangeably. For this thesis, the term Urban Logistics (UL) will be adopted.

Two trends, that will increasingly pressure the organisational resources of a city planner, and relevant to the subject of this thesis, have been observed. The first, an increase in the number of residents of a city, has already been discussed above. The second trend is that of the rise of e-commerce. This will be discussed as a part of the next section on Urban Logistics.

Urban Logistics

The term city logistics first appeared in research journal in 1994. According to Lagorio and colleagues, it has been more actively researched starting in the 2000s. [START_REF] Lagorio | Research in urban logistics: a systematic literature review[END_REF] Urban logistics has various converging definitions.

1. . . . the definition of urban freight includes all goods movements generated by the economic needs of local businesses, that is, all deliveries and collections of supplies, materials, parts, consumables, mail and refuse that businesses require to operate. It also includes home deliveries by means of commercial transactions. [START_REF] Macharis | City distribution and urban freight transport: multiple perspectives[END_REF] 2. "City logistics" is a recent term in the scientific literature as well as a new practice. It has been mostly developed in Europe since the 1990s and is now applied worldwide. City logistics represents more than the mere transportation of goods within urban areas. It can be defined as any service provision contributing to efficiently managing the movements of goods in cities and providing innovative responses to customer demands. The objective of city logistics is to make deliveries to urban residents, visitors, and businesses possible at the highest economic, social, and environmental standards. City logistics includes physical operations such as order preparation and packaging, transportation and deliveries (including home deliveries), short-term storage of goods, management of drop-off/pick-up boxes for parcels, return of goods, waste management including the management of recycled goods, and the management of empty pallets and packages. City logistics makes use of sophisticated information and communication technologies to increase coordination and efficiency and ensure adequate enforcement of urban delivery operations. [START_REF] Dablanc | City logistics. International Encyclopedia of Geography: People, the Earth, Environment and Technology: People, the Earth[END_REF] 3. City logistics is defined as "the process for totally optimizing the logistics and transport activities by private companies with support of advanced information systems in urban areas considering the traffic environment, the traffic congestion, the traffic safety and the energy savings within the framework of a market economy" [START_REF] Taniguchi | City logistics. network modelling and intelligent transport systems[END_REF] 4. Urban logistics commonly refers to the systems and processes which make possible the supply of commodities in urban areas. As such, it is an essential, non-substitutable economic function of cities. [START_REF] Combes | Equilibrium and optimal location of warehouses in urban areas: A theoretical analysis with implications for urban logistics[END_REF] 5. City logistics is the means over which freight distribution can occur in urban areas and the strategies that can improve its overall efficiency while mitigating externalities such as congestion and emissions. It includes providing services contributing to efficiently managing the movements of goods in cities and providing innovative responses to customer demands. [START_REF] Dablanc | 1.1 -What is City Logistics? -City Logistics: Concepts, Policy and Practice[END_REF] 6. ...if we try to imagine the cycle of exchanges of goods necessary for the functioning of the city and its inhabitants, we can isolate, on the one hand, the sphere of consumer goods production (heavy industry, then the consumer and intermediate goods industry), which supplies the different levels of the distribution system (logistics platforms [...], wholesale trade, then, closer to the population, retail trade. The circuit continues, on the other hand, to the consumer in his place of residence (shopping trips [to which must be added home deliveries]), without forgetting the flows that feed the city's management system (maintenance of urban networks, construction sites, postal parcels, etc.). The cycle ends with different waste disposal circuits (Figure 1.3). [START_REF] Routhier | Du transport de marchandises en ville à la logistique urbaine[END_REF] Rest of the world [START_REF] Routhier | Du transport de marchandises en ville à la logistique urbaine[END_REF]. Translated to English from the original in French.

The first definition, by [START_REF] Macharis | City distribution and urban freight transport: multiple perspectives[END_REF]] is adopted as the working definition for this thesis. It is chosen as it is broad and encompasses many facets of urban logistics 1 . Some information that can be gleaned from the above definitions is presented here more explicitly. Urban Logistics refers to the systems and processes responsible for the transport of goods within cities. Moving goods from point A to point B has, as an implicit assumption, the existence of 'point A', 'point B' and 'goods'. In the literature 'point A' and 'point B' are generally referred to as the origin and the destination. Agency is imbibed into the origin and destination by invoking the shipper and receiver, who ship or receive goods at the origin and destination respectively. The goods are sometimes also referred to as the merchandise. For the movement of goods from an origin to a destination, an instrument is required; the instrument is referred to as the vehicle and the term transport is used to represent the movement. Depending on the idiosyncrasies of the merchandise, an adapted vehicle is used. For example, for fresh goods like milk, meat, vegetables, a refrigerated vehicle is generally used. Any given vehicle is constrained by the amount of space it disposes for the merchandise (referred to as its charging volume, or volume capacity, specified in cubic meters) and the load or weight it can carry (referred to as its charging capacity, weight capacity or load capacity, and specified in kilograms).

According to the First Law of Thermodynamics, energy cannot be created or destroyed. It can only change form or be transferred from one object to another. Thus, for a vehicle to carry goods to have kinetic energy, the energy must emanate from a source. Thus, another constraint for a vehicle is the amount of energy it can carry in a reservoir, which it converts into motion. For vehicles that operate using an internal combustion engine, using either diesel or gasoline, this energy is stored as fuel in a reservoir typically referred to as a fuel tank. Owing to the maturity of this technology 2 , these vehicles can typically travel over 500 kilometers on a single tank of fuel. It is possible to near instantly (in 1 to 5 minutes) refill the energy reservoirs of these vehicles (an operation referred to as refueling) at a specific facility, often referred to as a Petrol Pump or Gas Station. These locations are very easy to find in almost all parts of the world, due to the widespread adoption of this technology of vehicles (which is, at least in part, due to its maturity). Owing to both the maturity of this technology, and its widespread adoption, vehicles which

The incentives provided by the movement of goods inside cities are different for different parties involved, and are, at times, misaligned. This is discussed further in Section 1.4.

2 and the enormous density of liquid, hydrocarbon based fuels rely on an internal combustion engine as a mechanism to convert energy from any petrochemical substance (petrol/gasoline, diesel, ethanol, etc.) liquid at a normally encountered range of ambient temperature (-15 to +50degrees Celsius) is referred to, in this manuscript, as a conventional vehicle (CV).

Owing to the large distances that a CV can travel on a single tank of fuel, and the ease of refueling operations, the autonomy is rarely an operational constraint for this kind of vehicle. A newer technology of vehicles utilise electric energy for propulsion, using an electric motor to convert energy stored in a battery. 

The different types of Urban Logistics

Urban logistics is of various types, and perhaps more importantly, can be categorized into different subsets based on the interest of the s/he who categorizes. For example;

• According to the type of origin and the type of destination, UL can be classified as Business to Business (B2B), Business to Consumer (B2C), Consumer to Consumer (C2C), with the latter being rarely used.

• According to who produces the transport, UL can be classified as Own Account ('Compte Propre', where the shipper transports the freight) or On Account of others ('Compte d'autrui', where the goods are shipped by a thrid party carrier), or also on the Account of the Receiver (where the final client makes a trip to the seller to collect the merchandise) [TOILIER et al., 2015].

• According to the number of destinations per operation; A given logistic operation can be characterised by a single origin/destination pair, to by a single origin and multiple destinations. If there is a single origin/destination, there are two movements of the logistic operation. The first, when the vehicle transports goods loaded at its origin to their destination, and the second, when the vehicle returns from the destination to its origin. Owing to a variety of economic and physical motivations, a single vehicle can carry goods from multiple origins to distribute them over multiple destinations. This kind of operation can have multiple movements. If the vehicle, generally operating at the limits of one of its constraints, goes from a single origin, and delivers or retrieves goods at various destinations, before returning to its origin, this is referred to as a round. To take a more concrete example, imagine a postman delivering letters. He leaves the post office (the origin), delivers a number of letters (to various destinations), in a close-to optimal sequence, and then return to the post office (the origin). For urban deliveries, the concept of a round is crucial to a majority of operational issues. Indeed, this term will also occupy an important role in this thesis.

• According to whether whether the vehicle is operating at full capacity or not, UL operations can be classified as Full The examples above aim to show that there are various ways of looking at the subject of UL. The rest of this subsection aims to give an overview of the types and diversity of Urban Logistics, in order to later define the purview of this thesis. While the characterization of urban logistics is a subject that has been addressed by various studies (for example see [START_REF] Cardenas | City logistics, urban goods distribution and last mile delivery and collection[END_REF], [START_REF] Lagorio | Research in urban logistics: a systematic literature review[END_REF], [START_REF] Behrends | Recent developments in urban logistics research-a review of the proceedings of the international conference on city logistics 2009-2013[END_REF]) in the opinion of the author, an extremely comprehensive work was carried out by Adrien [START_REF] Beziat | A comprehensive view of goods transport systems-typology and analysis of delivery tours in the paris region[END_REF], [START_REF] Beziat | Approche des liens entre transport de marchandises en ville, formes urbaines et congestion: Le cas de l[END_REF]). According to Beziat et. al, the first measure to classify the types of urban logistics is to classify the kinds of movements generated in urban logistics. Before getting in a detailed discussion on the diversity of urban logistics, let us examine the issued of observation. There exist at least 4 types of quantitative data collection methodologies.

1. Driver surveys. The first of these, is a a driver survey, a technique that involves posing a series of questions to the driver. These (Driver Surveys) include collecting information on the point of origin, the parking location, the handling tools, etc. Through these surveys, data is collected on the general structure of the vehicle route, and information about the operations of the logistics company for which the driver works. However, detailed information on the trips within the route aren't gleaned from this method. Further, the information gleaned about the operations of the logistic company is not-extendible to other companies.

2. The second data collection method involves a diary detailing vehicle trips. This type of data collection method is generally self administered. I.e. these diaries are filled in by the driver or another employee of the logistic company. This method makes it possible to collect data on the activity of a single vehicle: served establishments, operations, nature of goods, hours of departure and arrival, etc. However, as they are self administered, they can have low return rates and collected data may be very difficult to work with.

3. The third method is using GPS datasets. They enable detailed spatial data on the trips of surveyed vehicles within a round: localization, knowledge of distance and duration, number and location of stops. . . However, if used by themselves, the nature of goods that are transported, or operations performed during stops are unknown. Thus, they must be used with other survey methods.

4. The last method on this list is the on-board/embarked survey. This involves an investigator present on board the vehicle during its operations. While this method provides data of an exceptional quality, it has the disadvantage of being expensive.

To present a typology of the logistics activities carried out in Paris, Beziat and colleagues use data from the Transports des Marchandises en Ville (Movement of Goods in Cities) survey, carried out by the Laboratory of Development, Economy and Transport (Laboratoire Amenagement Economie Transports). This survey is referred to as the French Urban Goods Movements Survey. This survey, in fact, uses data collected from two surveys that are used simultaneously, the first is a survey of the economic establishments, and the second deals with delivery drivers.

• For the survey of the economic establishments, first, a sample of establishments, representative of the economic activities of an urban area is extracted from a comprehensive establishment database. A visit, following a first contact by telephone is made to an establishment from this list. During this visit, the establishment is characterized by variables potentially relevant to the generation of freight movements. It is during this visit that a log book is handed to the surveyed establishment, which is then filled during the week with detailed information on deliveries. Lastly, a second visit of the establishment is made, to gather additional information on the deliveries.

• The second survey deals with delivery-drivers. It is distributed during the survey week by the establishments to drivers when they deliver goods during the surveyed week. The drivers have to send the survey back by postal mail. Also, for some delivery-drivers, GPS tracking is used, with an investigator embarked in the vehicle.

Using this methodology, a total of 940 observations are collected, from which, 546 are used to create the typology.

Taking as the base, data from these 546 observations, Beziat et. al., carried out 5 in-depth interviews to identify different route profile with the French transport and logistics federations: FNTR (National Federation of Road Transportation), TLF (Transport and Logistics of France), UNOS-TRA (National Union of the French Road Transport Union Organizations), SNTL (National Light-Transport Syndicate), UNTF (National Refrigerated-Transport Union). Using 6 criteria;

• the nature of the operator,

• the specificities of the vehicle,

• the degree of homogeneity of the goods being transported,

• the type of service provided,

• the type of transport operation in groupage networks, and

• the type of packaging of the goods being transported, They attributed the data to different route profiles. A total of thirteen profiles were characterized (Figure 1.4).

1. Criterion (A) represents the "nature of the operator", which identifies if the transport is operated by the receiver of the goods being transported with his own vehicle (receiver's own account) or by the sender of the goods being transported or a third party on behalf of the sender.

• When buying a product, one can either be delivered by the seller (sender's own account) or a transport service provider on behalf of the sender (third party transport) or use one's own vehicle to collect the product at the seller's premises (receiver's own account). This is especially the case of many small independent retailers or community artisans.

2. To determine whether the use of specific vehicle is required, criterion (B) is used, representing the "vehicle specificities". In the data, there exist three types of goods profiles which necessitate the use of specific transport; concrete transportation, automobile transportation and fresh-food products transportation.

• A special truck with a constantly rotating storage space, is used for the transport of concrete from concrete plants to the building sites.

• Similarly, for the transport of cars, a car carrier truck is used. This movement generally takes place from the place of final assembly of the car to dealerships, or sometimes between different manufacturing plants. Source: [START_REF] Beziat | A comprehensive view of goods transport systems-typology and analysis of delivery tours in the paris region[END_REF] • To transport fresh-food and fresh-food products, a refrigerated vehicle is required. This type of transport typically serves the retail industry, the catering industry and the food industry 3. Criterion (C) identifies the "homogeneity of goods" or in other words, whether or not a route is dedicated to one type of product. The following profiles are identified: beverages distribution, non-perishable food transportation, finished industrial products transportation and intermediate industrial goods transportation.

• While non-perishable food transportation does not require the use of specific vehicle, as food products are rarely transported along with other kind of goods, all foods are generally carried together.

• The catering companies need to replenish their establishments regularly with a wide range of beverages. Therefore, they can use their own vehicle to supply in cash and carry wholesale stores, or be delivered by specialized beverage distributors.

• Industrial goods are rarely produced in a single integrated production unit, and generally requires the transportation of intermediate industrial products between several production units.These intermediate products can be transported along with other goods, or be the object of transport operations dedicated to these products.

• Finished industrial products generally transit through wholesale distributor and are rarely sent directly by the manufacturers to the customers, or transported directly from the manufacturers' facilities to the customers' home.

4. The "service provided" criterion (D), identifies if the route belongs to a groupage network, and if yes which service the route provides in the network. The "general goods" transportation can be done with only one transport operation (end-to-end operation), without any transshipment (Figure 1.5), or can be divided in at least three transport operations (pick-up, line haulage, delivery -evenly with joint pick-up and delivery tours), with at least two transshipment between the different transport operations (Figure 1.6). Information about the type of establishment served by the routes (logistics facilities or other facilities) and the type of operations made at these establishments (pick-up or delivery), enables the identification of two profiles: end-to-end transportation and line haul. 35. In groupage networks, the shipment of goods requires at least five operations, of which at least two cross-dock operations between three transport operations (E): pick-up tours (serving the shippers), linehaul (between the carrier's terminals) and delivery tours (serving the receivers establishment). 46. The "type of packaging" criterion (F) allows us to identify in which groupage network the pick-ups and/or delivery routes belong. The French less-than-truckload sector can be divided in three subsectors depending on the packaging of the goods transported (pallets, parcels, both pallets and parcels). The data about the type of packaging enabled the identification of three profiles: parcels routes, pallets routes and mixed (pallets, parcels and other kind of packaging) routes.

• Parcel networks: Express parcel delivery networks emerged in France in the 1990s, along with the integration of the European market and the arrival of integrators in France. Before, parcels were transported along with other kind of goods in generalist groupage networks, or by the French public postal service company (which remain the largest parcel delivery company in France). Nowadays, even if generalist groupage networks offer the same kind of services in terms of delivery time and traceability, integrators remain specialized in parcel delivery in France. Many reasons are put forth by experts to explain the existence of this specific Figure 1.5: End-to-End Transportation. Source: [START_REF] Beziat | A comprehensive view of goods transport systems-typology and analysis of delivery tours in the paris region[END_REF] market: parcels permit the automatization of a large part of the cross docking operations, allow the carriers to use smaller vehicles, facilitate the handling operations. . . The French market of parcel delivery is highly concentrated, with very few networks remaining after two decades of mergers and acquisitions, including household names such as Chronopost and DPD (subsidiaries of the French public postal company), DHL, UPS and FedEx. All these companies share the same commercial policy, with a billing per parcel depending on the weight of the parcel and the destination of the parcels (with, for example, three different bills for a shipping of three parcels to and from the same locations). In the analysis by [START_REF] Beziat | A comprehensive view of goods transport systems-typology and analysis of delivery tours in the paris region[END_REF], the routes were assigned with the "parcel" profile if, during the whole route, goods picked-up and delivered Figure 1.6: Groupage Network. Source: [START_REF] Beziat | A comprehensive view of goods transport systems-typology and analysis of delivery tours in the paris region[END_REF] are all parcels.

• Pallet networks: Less-than-truckload companies specialized in pallets deliveries emerged late in France in comparison with Germany or the United-Kingdom. Most of the pallets networks have been set up in the late 2000s and the early 2010s. Prior to that palletized goods were transported along with other kind of goods in generalist networks. Experts agree that the success of networks specialized in palletized goods is due to the easier handling of pallets for loading and unloading and for cross-docking operations; and the commercial policy shared by all the actors of this new market, with a billing per pallet depending on the destination of the pallet, regardless of the weight of the pallet. Thus, in pallets networks, pallets are both handling units (supply side) and tariff units (demand side). Two kind of pallets networks can be distinguished in France : integrated networks, which are divisions of major French transport and logistics groups and grouping of SMEs, gathering tens of different companies sharing service requirements The routes were assigned with the "pallets" profile if, during the whole route, goods picked-up and delivered are all pal-lets. We could only use the embarked surveys for these routes. 15 routes were assigned with the "pallets" profile among the 500 remaining routes.

• Generalist groupage networks: In between parcels and pallets networks remain in France generalist groupage networks, corresponding to what is traditionally called the "messagerie" sector in France. These networks transport any goods of less than 3 tons, regardless of their packaging. With the emergence of specialized bulking networks (parcels and pallets) and the central distribution models developed in the retail industry, most of the generalist groupage companies merged or collapsed. The market is mainly occupied by Geodis and DB Schenker (subsidiaries of the French and German national railways companies), along with few private companies (divisions of international groups such as Kuhne & Nagel and Dachser, and French family-owned companies such as Heppner and Mazet). All these companies share the same commercial policy, with a billing per shipment, depending on the total weight of the shipment and the destination of the shipment. Therefore, the services provided by these companies can still be attractive for the shipping of consignments composed of both pallets and parcels, for the shipping of parcels that are too heavy or too large to fit with the parcels networks standards, for the shipping of isolated or light pallets, or for customers who want to work with only one transport service provider.

Logistic facilities: the use of real estate for Urban Logistics

As mentioned above, urban logistics taxes the scarce resource of real estate inside and around cities. This is because of the space taken by logistic facilities, which include both space for the storage of goods and also space for their interaction with vehicles, to enable transport. Generally, in cities, the price of real estate decreases as a function of its distance to the center. Thus, warehouses or logistic facilities which store and then transport goods are constantly faced with the following optimisation problem; either locate close to their final customers (often in the city center where real estate is expensive) and pay fewer transport costs, or locate far from their customers (that is, away from the city center, where real estate is cheaper) and pay higher transport costs. The location of warehouses has been a subject of interest for researchers, and is an important pillar for this thesis (examined in later sections). While the distribution of logistics facilities differ by city, the case of Paris is taken as an example. [START_REF] Heitz | Rethinking data collection on logistics facilities: New approach for determining the number and spatial distribution of warehouses and terminals in metropolitan areas[END_REF] observe and analyze urban areas through specific informational tools focusing on maps and arrive at a typology of logistics facilities in the Paris region. Source [START_REF] Heitz | Rethinking data collection on logistics facilities: New approach for determining the number and spatial distribution of warehouses and terminals in metropolitan areas[END_REF] In Figure 1.7, the relationships between the size and number of logistics facilities as a function of their distance from the center of Paris is depicted.

The figures represent a general decrease in the number of establishments as the distance from the center of gravity increases. This points to the fact that economic activities are concentrated in the center of the Paris metropolitan area. They conclude that "The spatial distribution of warehouses appears to obey the principles of a center-periphery relationship". A specific structure pertaining to the location of warehouses is also observed. Logistics facilities are primarily located in suburbs of Paris. Two peaks are observed in Figure a of Figure 1.7. The first, representing a concentration of warehousing facilities at a distance of 15 to 30km from the center. This distance corresponds to the outer ring of the Paris suburbs, highlighting a large number of logistics facilities in a very dense part of the conurbation. A second peak corresponds to the distant suburbs, on the fringes of the conurbation, between 25 and 30km from the center.

A decrease in the average size of warehouses beyond 40 km is observed (Figure b of 1.7). They observe a non-linear (polynomial) relationship between distance from the center and the average size of warehouses. Between 0 and 40 km from the center the average size of the warehouses gradually increases. Beyond 40 km the average size decreases, but a peak is observed at around 45-50 km.

This typology (Figure 1.8) results in 20 classes, which correspond to twenty types of logistics facility, defined on the basis of objective criteria specific to the function of each logistics activity. This typology allows the identification of the spatial distribution and size of each type of logistics facility, and to compare these characteristics to the type of activity performed by the logistics facilities. It enables to, at a glance, understand the diversity of both urban logistics, and the infrastructure that supports it.

Another trend, related to the location of warehouses in urban regions is that of "logistics sprawl". "logistics sprawl" represents the movement of logistics facilities (warehouses, cross-dock facilities, intermodal terminals...) outside of the city (in this study, Paris) boundaries towards suburban areas [START_REF] Dablanc | The impacts of logistics sprawl: How does the location of parcel transport terminals affect the energy efficiency of goods' movements in paris and what can we do about it?[END_REF]. While the reasons for this are complex, the implications are more straightforward; over the scope of the cited study (34 years) the relocation of parcel transport terminals supplying Paris has generated about 15,000 additional tonnes of CO2 per year. Figure 1.8: Pattern of the typology proposed for Paris region logistics facilities. Source [START_REF] Heitz | Rethinking data collection on logistics facilities: New approach for determining the number and spatial distribution of warehouses and terminals in metropolitan areas[END_REF] 

The Last Mile

What is it?

To understand the last mile, we begin with definitions. Three, very similar, definitions are found in the literature. According to them, the last mile is defined as;

• "The Last Mile is the last stretch of a business-to-consumer (B2C) parcel delivery to the final consignee who has to take reception of the goods at home or at a cluster/collection point." [START_REF] Gevaers | construction of Author. Solid lines represent direct relations, while dotted lines represent indirect relations[END_REF] • "The Last Mile may be defined as the final leg in a business to consumer delivery service whereby the consignment is delivered to the recipient, either at the recipient's home or at a collection point." [START_REF] Gevaers | Characteristics and typology of last-mile logistics from an innovation perspective in an urban context. City Distribution and Urban Freight Transport: Multiple Perspectives[END_REF] • According to a literature review on Last Mile Logistic models linked to consumer driven e-commerce [START_REF] Lim | [END_REF], the following definition is proposed. "Last-mile Logistics (abbreviated as LML) is the last stretch of a parcel delivery service. It takes place from the order penetration point to the final consignee's preferred destination point."

Figure 1.9: A graphical representation of the last mile. Source [START_REF] Gevaers | Characteristics and typology of last-mile logistics from an innovation perspective in an urban context. City Distribution and Urban Freight Transport: Multiple Perspectives[END_REF] It becomes clear that

• Last Mile Logistics is a business-to-consumer phenomenon

• the last mile of the delivery has as its destination the location where the goods meet the final customer

• the origin of the goods destined to the final customer can be varied

The definitions also inspire the understanding that Last Mile Logistics consists of, but is not limited to, the Last Mile Delivery. This will be detailed further.

LML as a Research Topic [START_REF] Olsson | Framework of last mile logistics research: A systematic review of the literature[END_REF] conduct a literature review of last mile research and propose a framework to examine Last Mile Logistics. They find that, as an area of study, Last Mile Logistics is attracting interest from scholars and is an emerging research area. Using 155 articles for their review, they inspect the temporal evolution of articles published in this field. They have found that Last Mile Logistics started gaining academic attention at the beginning of this millennium and is continuously growing. The first article they identify is from 2001, suggesting that Last Mile Logistics is a relatively new research area. The growing interest in this field is supported by the fact that Between 2001 and 2012, the publication rate was rather low, with only one to three annual publications; however, between 2013 to 2019, the publication rate grew significantly. Out of the articles consulted for the literature review, approximately three out of four articles (76%) were published between 2015-2019. It is to be noted, however, that this increase is accompanied by a general increase of publications within the logistics and supply chain fields. The reason behind this general growth is unclear but might be linked to the fact that city populations have been growing and more people are ordering online, indicating changing consumer patterns. In either case, the academic interest serves to highlight the contemporary importance of this research field.

[ [START_REF] Yoon Ko | Pricing and collaboration in last mile delivery services[END_REF] inspect the Korean express delivery market while modelling pricing and collaboration in last mile delivery services. They find that, on one hand, parcel deliveries have been steadily increasing, and on the other, the cost per delivery has been steadily going down. In 2004, approximately 52 million boxes were delivered, while in 2016, 2047 million boxes were delivered, an overall increase of about 3837% or an increase of about 320% per year. During the same period, the unit price per delivery decreased from Figure 1.10: Timeline of Last Mile Logistics research. Source [START_REF] Olsson | Framework of last mile logistics research: A systematic review of the literature[END_REF] 3.291$ per delivery to 2.098$ per delivery or per unit decrease of greater than 36%.

This decrease in per unit delivery costs increases pressure on logistic companies and pushes them to optimise costs. They attempt to adapt by restructuring themselves, by introducing contemporary technologies and innovations, optimising delivery routes and outsourcing various segments of technological and operational processes [START_REF] Muharemović | Cost and performance optimisation in the technological phase of parcel delivery-a literature review[END_REF]. This constant pressure towards downward prices keeps companies on the look out for new ways, including innovative vehicles that promise cheaper and/or faster and/or greener deliveries.

What are its particularities?

The last mile of the delivery process presents a curious paradox; on one hand, it is, in a way, the most valuable part of the the logistics chain as it enables the union of the final customer and the product. It is precisely this union Figure 1.11: Trend for express service market in Korea. Source [START_REF] Yoon Ko | Pricing and collaboration in last mile delivery services[END_REF] which creates value for the company manufacturing a product, and utility for the customer using the product. It is at this point that the customers wages are exchanged for the utility delivered by a product, making both the customer and the manufacturer better off. In other words, a product that can not reach a customer is worthless. Thus, the last mile is arguably the most valuable link of the logistics chain, as without it trade between customer and manufacturer does not take place. On the other hand, the last mile is currently regarded as one of the more expensive parts, if not the most expensive part, of the entire logistics chain. Due to its specific delivery structure, it is also regarded as the least efficient and most polluting sections of the entire supply chain. Last-mile costs may amount to between 13 per cent and 75 per cent of the total logistics cost [START_REF] Onghena | Growth and relational strategies of integrators: an industrial economic analysis[END_REF].For example, in San Francisco, [START_REF] Ding | Evaluating different last mile logistics solutions: A case study of sf express[END_REF] finds that for certain postal operations the cost of the delivery phase is 53% of the overall operational costs.

A number of factors contribute to the high costs of the last mile. Most significant are the small amounts ordered, the lack of planning of customers (who demand flexibility and speed) and their spatial dispersion, in an urban context where moving a vehicle isn't extra easy. Another is arguably the Not-at-Home problem. As the name suggests, if the final customer is not present at the delivery location at the moment the delivery is attempted, the delivery fails and must be reattempted, multiplying all linked operational costs. This, in turn, is due to the security aspect -each delivery must be verified by the final customer 5 . This generally takes the form of a signature at a specified location (either paper or, electronically, on a tablet). These signatures, representing the proof of delivery, are then stored by the logistics company realising the delivery in case of any future contention [START_REF] Gevaers | Characteristics and typology of last-mile logistics from an innovation perspective in an urban context. City Distribution and Urban Freight Transport: Multiple Perspectives[END_REF]. Apart from these, they mention another problem which affects costs, which is the lack of a sufficient number of customers in certain areas or regions. For example, if, to achieve a delivery, a courier needs to travel over 50 kilometers in order to deliver a single parcel, efficiency will be strongly reduced and cost greatly increased, in a time where the environmental impact of logistics and transport choices is rising among consumers. According to the authors, customers, more frequently, demand logistics providers to strive for a constant reduction of their carbon emissions footprint, while, at the same time, being unprepared to either pay more or wait longer for their goods in return for a greener service. It is worth noting that issues mentioned above are only a part of the problem. Other impediments to more economical deliveries in cities include the average moving speed, which, on average means that less deliveries can be accomplished in a day, and market pressure which makes customers expect, and obliges sellers to offer, free delivery and return. Various such issues are discussed in the modelling and results section. Below, a deeper look is taken at LML.

A deeper look at Last Mile Logistics

As is the case in Urban Logistics, different classifications and typologies exist in the literature for Last Mile Logistics.

A comprehensive framework is found in [START_REF] Olsson | Framework of last mile logistics research: A systematic review of the literature[END_REF], which is based on a systems approach, as the authors contend that a systems approach permits addressing different aspects of last mile logistics while allowing to grasp it as a whole, effectively capturing the diversity and complexity of the subject as reflected in the literature. The framework is based on five interrelated components identified by them from the literature, namely, last mile logistics, last mile distribution, and the three central components: last mile fulfillment, last mile transport, and last mile delivery, as seen in Figure 1.12. The framework core consists of the three distinct and sequenced components. It can be viewed from both back-end and front-end perspectives, with the back-end facing the sender and the front-end facing the receiver. Figure 1.12: A framework for Last Mile Logistics. Source [START_REF] Olsson | Framework of last mile logistics research: A systematic review of the literature[END_REF] The three core components are:

1. Last Mile Logistics: this component describes the process of planning, implementing, and controlling efficient and effective transportation and storage of goods, from the order penetration point to the final customer.

2. Last Mile Distribution: this component is associated with the handling, movement, and storage of goods to the point of consumption through various channels.

3. Last Mile Fulfillment: According to the authors, this represents the core of the last mile logistics system and consists of two components. Last mile fulfillment is described as the process of executing an order by making it ready for delivery. [START_REF] Lim | [END_REF] through a literature review of 47 articles present a typology based on the distribution structures used in last mile logistics (LML) and covered in the corpus of articles. They posit that an LML distribution sector involves the linear movement of a product from source to consumer, and that it can only have, technically, three basic forms (Figure 1.13):

1. Push-centric system: n-tier direct to home. In this system, the product is "sent" to consumer's postcode by someone other than the consumer. They found that the push-centric system is the most commonly adopted distribution form. It typically comprises a number of intermediate stages (n-tier) between the source and destination in order to create distribution efficiencies. The literature classifies three picking variants according to fulfilment (inventory) location: manufacturer-based (or "drop-shipping"), Distribution Center (DC) based, or local () storebased (i.e. retailer's intermediate warehouse or store). The destination Source [START_REF] Lim | [END_REF] can either be consumers' homes or their workplaces. The operation can be in-sourced (using retailer's own vehicle fleet), outsourced to a thirdparty logistics provider (3PL) [START_REF] Kenneth | Extending the supply chain: Integrating operations and marketing in the online grocery industry[END_REF], or crowd-sourced using independent contractors [START_REF] Wang | Towards enhancing the last-mile delivery: An effective crowd-tasking model with scalable solutions[END_REF]. When selecting a distribution channel, retailers need to trade-off between fulfilment capabilities, inventory levels [START_REF] Lim | [END_REF], product availability and variety [START_REF] Niels | E-fulfillment and multi-channel distribution-a review[END_REF], transportation cost [START_REF] Rabinovich | Physical distribution service performance and internet retailer margins: The drop-shipping context[END_REF], and responsiveness [START_REF] Chopra | Designing the distribution network in a supply chain[END_REF]. The nearer the picking site is to the consumer segment, the more responsive is the channel. However, this responsiveness comes at the expense of lower-level inventory aggregation and higher risks associated with stock-outs [START_REF] Lim | [END_REF].

2. Pull-centric system: In this form of LML distribution, the product is "fetched" from product source by the consumer. A pull-centric system can also be referred to as consumer self-help. The study found that despite the popularity of online shopping, there are still occasions where consumers favour traditional offline shopping. According to the authors, perceived or actual difficulties with inspecting non-digital products, the product returns process, or slow and expensive shipping can deter consumers from online shopping [START_REF] Forman | Competition between local and electronic markets: How the benefit of buying online depends on where you live[END_REF]. They also found other benefits of a pull-centric system, including lower capital investments and possible carry-over (or halo) effects into in-store sales [START_REF] Johnson | E-business and supply chain management: an overview and framework[END_REF]. The literature inspected by the authors also discussed two variants of the pull-centric system. Both variants require consumers to participate (or self-help) throughout the transaction process, from order fulfilment to order transportation.

• The first variant represents the traditional way of shopping at a local brick and mortar store, with consumers performing the lastmile "delivery". • The second "information store" variant adopts a concept known as "dematerialisation", substituting information flow for material flow [START_REF] Hau | Winning the last mile of e-commerce[END_REF]. In this concept, traditionally physical goods are converted to informational goods, that can be transferred over an medium such as the internet. An example taken is that of e-tailer Egreetings that substited paper greeting cards by electronic cards. This variant recognises that material or physical flows are typically more expensive than information flows due to the costs of (un)loading, handling, warehousing, shipping, and product returns.

3. Hybrid System: In this system, the product is "sent" to an intermediate site, from where it is "fetched" by the consumer. A hybrid system is a n-tier to consumer self-help location system. The authors found a plethora of studies, the bulk of which compared different modes of reception. The variants encountered typically entailed a part-push and part-pull configuration. For instance, they found that the problem associated with "not-at-home" responses within Attended Home Deliveries (AHD) can be mitigated by delivering the product to a Collection Delivery Points (abbreviated as CDP) for consumers to pick up. The authors found that the literature discussed two types of CDP variants: Attended Collection Delivery Points (abreviated as ACDP) and Unattended Collection Delivery Points (abbreviated as UCDP).

(More details on Attended Home Deliveries (AHD), Attended Collection Delivery Points (ACDP) and Unattended Collection Delivery Points (UCDP) are provided in the coming pages).

• In the literature, the authors found that retailers establish ACDP through developing new infrastructure development, through util-ising existing facilities, or establishing partnerships with a third party [START_REF] Wang | How to choose "last mile" delivery modes for e-fulfillment[END_REF]. Other terminologies associated with ACDP include "click-and-collect", "pickup centre", "click-andmortar", and "buy-online-pickup-in-store".

• Authors also found that the literature showed that retailers establish UCDP (or unattended reception) through independent reception boxes equipped with a docking mechanism, or shared reception boxes, whose locations range from private homes to public sites (e.g. petrol kiosks and train stations) accessible by multiple users [START_REF] Mcleod | Transport impacts of local collection/delivery points[END_REF].

According to the authors, ACDP and UCDP strategies are commonly adopted by multi/omnichannel retailers to exploit their existing store networks, to provide convenience to consumers through ancillary delivery services, and to expedite returns handling [START_REF] Yrjo | Physical distribution considerations for electronic grocery shopping[END_REF]. Moreover, they found that the research showed that integrating online technologies with physical infrastructures enables retailers to achieve synergies in cost savings, improved brand differentiation, enhanced consumer trust, and market extension [START_REF] Fernie | Retail logistics in the uk: past, present and future[END_REF]. They also found that studies have also investigated the cost advantage and operational efficiencies of using UCDP over AHD and ACDP [START_REF] Wang | How to choose "last mile" delivery modes for e-fulfillment[END_REF]. UCDP reduces home delivery costs by up to 60 per cent [START_REF] Punakivi | Identifying the success factors in egrocery home delivery[END_REF], primarily by exploiting the time window benefit [START_REF] Vesa Kämäräinen | The reception box impact on home delivery efficiency in the e-grocery business[END_REF].

Aspects of Last Mile Delivery [START_REF] Gevaers | Characteristics and typology of last-mile logistics from an innovation perspective in an urban context. City Distribution and Urban Freight Transport: Multiple Perspectives[END_REF] [START_REF] Lim | [END_REF] routing software application that, as the authors point out, is commonly relied on in the logistics and transport business. They find that the greater the window length, the smaller the number of miles per customer. [START_REF] Kenneth K Boyer | The last mile challenge: evaluating the effects of customer density and delivery window patterns[END_REF]. It follows that cost will rise as more and tighter delivery windows are incorporated into the routing schedule. A similar study found a cost difference of 42 per cent between a system of indefinite deliveries to reception and/or delivery boxes on the one hand and a method incorporating delivery time windows on the other. This difference in cost was calculated on the basis of data from a pilot project in the greater Helsinki area in Finland. The average cost of delivery within a time window was €2.1, as compared to an average cost of €1.2 for indefinite delivery to a box. [START_REF] Vesa Kämäräinen | The reception box impact on home delivery efficiency in the e-grocery business[END_REF] 2. Security and Delivery Type: The likelihood of non-delivery due to 'customer not at home' depends to a large extent on whether or not the consignee is required to sign for receipt. If not, perhaps the goods may be left in a closed box at the front door. Obviously the type of product to be delivered will co-determine whether this is a feasible option (e.g. frozen foods). The sub-characteristics or proxy variables of security and delivery type are home delivery with and without signature for receipt, delivery to collection points, and the use of delivery lockers or boxes. A simulation found that the cost difference between delivery with and without signature for receipt can amount to a factor of 2.5. [START_REF] Punakivi | Identifying the success factors in egrocery home delivery[END_REF] . Consignments requiring signature for receipt tend to have a high nondelivery rate. In other words, they generate a greater likelihood of couriers needing to return several times to the same address before being able to successfully deliver the parcel. Each failure to deliver represents a substantial cost increase for the last-mile logistics provider.

3. Geographical Area and Market Penetration and Density: In certain regions, market penetration may be crucially important for attaining a sufficient critical mass. Here, the main sub-characteristics or proxy variables are the density of the region or market and the average distance between the various delivery points, as well as the extent to which goods may be pooled during routing. As in the case of delivery to traditional outlets such as supermarkets and shops, market size is an important economic parameter in the context of last-mile deliveries. If just one parcel needs to be collected or delivered in a particular region, cost will increase substantially in consequence of the (empty) mileage involved. Yet the population density of the delivery area usually does not affect the delivery price. A study has simulated the relationship between population and market density on the one hand and mileage per delivery point on the other. In this simulation, the delivery area was assumed to measure one square mile. It shows that there is an unequivocal declining relationship between mileage per delivery address on the one hand and the number of consumers in the delivery area on the other. The associated cost increases as the number of customers in the delivery area declines. It should be noted, though, that the relationship is one of decreasing marginal miles per delivery address. The optimum for this simulation is between 3000 and 5000 persons per square mile. [START_REF] Kenneth K Boyer | The last mile challenge: evaluating the effects of customer density and delivery window patterns[END_REF] 4. Vehicle Fleet and Technology: The vehicle fleet operated by the logistics provider can significantly affect cost in various ways, including through fuel consumption, the (optimum) loading capacity, loading and unloading methods, safety and so on. The sub-characteristics or proxy variables are type of van and/or truck. A less obvious, but equally important, proxy variable is the type of information and communication technology used. It is essential to optimum routing that the logistics provider should be able to respond quickly and accurately to fluctuations during collection and delivery. By relying on situation-specific information and communication technology systems, one can save time, paperwork and fuel.

5. The Environmental Factor: Consumers and service providers are becoming increasingly aware of the environmental impacts of economic activities, transport operations and logistics services. As a result, many consumers expect suppliers to apply or introduce environmentally friendly methods. However, consumers' willingness to pay for environmentally sound delivery methods is low or virtually non-existent. Similarly, as mentioned earlier, consumers are not prepared to accept longer service times in exchange for greener delivery. Within the context of last-mile services, suppliers need to balance against each other the need for quick and limited delivery windows on the one hand and the striving for environmentally viable delivery on the other. The smaller the delivery window, the greater the negative environmental impact of the delivery method is likely to be. In the future, logistics providers will need to offer different delivery options (quick versus slow, with time window versus unrestricted etc.) and they will need to raise consumers' awareness of the cost implications of their choice for a green delivery method.

[ [START_REF] Gevaers | Characteristics and typology of last-mile logistics from an innovation perspective in an urban context. City Distribution and Urban Freight Transport: Multiple Perspectives[END_REF]] also present a typology of the different types of deliveries in the last mile. This has as inspiration, a typology described in [START_REF] Kenneth | Extending the supply chain: Integrating operations and marketing in the online grocery industry[END_REF]. However, according to [START_REF] Gevaers | Characteristics and typology of last-mile logistics from an innovation perspective in an urban context. City Distribution and Urban Freight Transport: Multiple Perspectives[END_REF] the typology proposed in [START_REF] Kenneth | Extending the supply chain: Integrating operations and marketing in the online grocery industry[END_REF]] had a limitation of not adequately reflecting the specific characteristics of the last mile and its associated problem (principally due to it not including the various types of delivery). They attempt to address this limitation by providing the following typology which describes the different kinds of deliveries in the last mile (Figure 1.15).

In this typology, the last mile delivery is classified according to

• the starting point (the storage/pick-up location of the supplier, often a warehouse)

• the place of delivery (which can be a distribution centre or a shop, a clustering point, of the home of the final customer)

• the type of delivery (delivery to a reception box, a collection point, or post office, if it is to a clustering point. Further, if it is to the home of the final customer it can be an attended or unattended delivery) • further specifics of the delivery (including, but not limited to groups of boxes with pin codes for reception boxes, book shop or petrol station for collection points, both in case the delivery place is a clustering location, and neighbours or unattended delivery in a box for unattended home deliveries).

Continuing our thread of different kinds of deliveries in the last mile, we examine the work of [START_REF] Fernie | Retail logistics in the uk: past, present and future[END_REF] and [START_REF] Mckinnon | Unattended delivery to the home: an assessment of the security implications[END_REF]. [START_REF] Fernie | Retail logistics in the uk: past, present and future[END_REF] while examining the past, present and future of retail logistics in the UK, review the key works on retail logistics over the last 20 years. They illustrate, using examples from the grocery and fashion sectors, how retailers have control of the supply chain. For our purposes, they present a classification proposed in [START_REF] Mckinnon | Unattended delivery to the home: an assessment of the security implications[END_REF] presenting the main forms of unattended home deliveries. This classification is presented in Figure 1.16. As mentioned earlier, a reason for the high cost of the last mile is the not at home problem. Thus, solutions which permit deliveries to be accomplished unattended are worth examining. The authors reason that the rising number of home deliveries will be accompanied by a a rising proportion of deliveries will be made when there is no one at home (i.e. "unattended") is also likely to increase. They note that which traditionally unattended delivery involved leaving orders on the doorstep or with a neighbour, in the recent past, new systems of secured delivery have been developed, which their paper aims to classify and of whose relative security information is provided. First, the difference between between unsecured and secured delivery is elaborated. Unsecured delivery, sometimes called "doorstepping", involves leaving the consignment outside the house on the doorstep or at some concealed location around the property. As this position is exposed, theft may be a issue. Thus, it is necessary to secure the goods reception process (secured delivery). The authors enumerate four ways which this can be accomplished, which will be described in the following pages. First, the various issues with unsecured delivery are described;

• First, the product can be stolen. Passers-by or neighbours witnessing the delivery or catching sight of the goods can easily steal them. The theft could also be more systematic where, for example, the delivery vehicle, usually identifiable by retailer's or mail order company's livery, is followed and the driver's actions observed. There may also be collusion between the delivery driver and another person who is informed in advance or by mobile phone which houses are to receive an unsecured delivery. Finally, the driver himself could steal the products, claiming that they were left at the home and stolen by someone else. In the absence of a proof of delivery (POD), there is no way of challenging this claim.

• Secondly, the customer can also exploit the lack of a POD and insecurity of this form of delivery by fraudulently claiming not to have received the goods. Although the customer can request an unsecured delivery, liability for the goods remains with the supplier.

• Finally, if a package is present outside a house for extended periods, it may signal that the property is unoccupied and may increase the risk of burglary. The crime risk associated with this practice depends, among other things, on the size and value of the item, the degree of concealment and the nature of the neighbourhood. From discussions with companies providing unsecured delivery, according to the authors, it appears that no formal systems are used to impose a limit on the value of the goods that can be left at the home. Despite the large potential for crime and customer abuse, the organisations permitting this type of delivery claim that it does not present a serious problem. While some losses are incurred, these are more than outweighed by the resulting savings in delivery costs and added benefit to customers. The authors found that, partly by allowing "doorstepping", one company manages to keep the level of failed delivery down to 2 per cent, while for parcel carriers that refuse to leave consignments unsecured, this percentage often exceeds 20 per cent, greatly inflating redelivery costs.

After exploring the problems associated with unsecured unattended deliveries, secured unattended deliveries are described. According to the authors, securing the goods reception process can be accomplished in four ways. These include Home access Systems, Home or Communal Reception Box, Collection Points, and Local Drop off and Delivery. These are briefly described below;

1. Home Access Systems: These give the delivery driver internal access to the home or an outbuilding, normally the garage, shed or other outhouse ( [START_REF] Rowlands | Why access is the key'e. logistics magazine[END_REF] as cited in [START_REF] Mckinnon | Unattended delivery to the home: an assessment of the security implications[END_REF]).

They typically use a telephone-linked electronic key pad to control the opening and shutting of the door. The key pads communicate with a central server allowing the "home access" agency to alter the pin codes after each delivery. When the driver closes the door, the key pad device issues another code number which can be used to confirm that the delivery has been made. At the same time a confirmation message is sent to the customer's mobile phone or e-mail address.

Home or Communal Reception Box: The use of a Home or Communal

Reception Box involves placing the order at a home-based reception box. These can be of several kinds;

• Home delivery boxes: There exist various kinds, which offer varying degrees of security;

-Fixed, integral box: These bosxes are installed inside the main property. These are essentially prototype systems installed in a mere handful of homes at the upper end of the price range.

As in the home access system, the door is opened and closed by means of a keypad, with constantly changing pin numbers.

The main security concern with this system is that it can be an additional route into the home for burglars. -Fixed, external box: These are boxes installed outside the main building. These boxes are generally made of tough composite materials and/or metals and tightly anchored to the ground or an external wall. They, too, typically have a keypad which is in communication with a "management centre" and can be activated by a single-use pin code issued to a delivery driver. -Mobile reception box: Mobile reception boxes are filled by the supplier at their premises, delivered to the customer's home and secured to an outside wall by means of a cable. Having to travel to a collection point significantly reduces the convenience of home shopping and may only be acceptable to a small proportion of online shoppers. The inconvenience is reduced where the collection can be made in the course of a trip that the consumer already makes. It is likely, therefore, that collection points will be located at or around key nodes in the public transport system, petrol stations and some public buildings. Collection points can be used either as the initial or secondary delivery location. If they are the initial location, the goods are delivered there directly and no attempt made to drop them off at the consumer's home. Alternatively, the use of collection points can supplement a system of attended delivery. When the customer is not at home, the delivery is diverted to a pre-arranged collection point in the vicinity. This is beneficial to the carrier as it removes the need to return the order to the depot and organise a redelivery. It also offers the customer the benefit of not having to wait for a second delivery.

Collection points are of the following kinds;

• Attended collection points: In the former category are deliveries to neighbour's homes, small shops, post offices, etc., where someone is available to receive the products, provide the delivery driver with a POD and pass on the order to the customer. Attended collection points include;

-Neighbours and local agents: Companies that are prepared to entrust goods to neighbours often require the customer to specify in advance to which address the delivery should be diverted in the event of them not being at home. For goods purchased online this must be done at the time of ordering.

One supermarket chain with a home shopping service, for example, refuses to accept telephone requests to divert deliveries to alternative addresses once the orders have been placed. -Workplace collection: As the majority of online shoppers are at work during the day when most deliveries are made, an obvious solution to the last mile problem would be to deliver the goods to the workplace rather than the home. Small items could then be carried home by any transport mode, larger orders by car. While this may be a practical option in small businesses, very few large employers have systems in place to receive, store and distribute orders on-site to employees. Given the difficulty of managing an internal storage and retrieval service for staff and maintaining the necessary standards of security, it is unlikely that many employers would agree to the workplace being designated a delivery address for home-ordered products. If, however, there were a major shift to online shopping and alternative forms of home delivery proved inadequate, some employers might support this practice, partly as a goodwill gesture but also to reduce absenteeism among staff taking time off to await the arrival of goods at the home. -Commercial outlets: Unattended delivery may also be undertaken at commercial outlets. This could involve the use of * Existing retail outlets: Small shops, garages and post offices have been identified as the most suitable existing outlets to assume the role of collection points. Their high density, particularly in urban areas, minimises the distance that the average home shopper has to travel to collect an order. Serving as a local collection point also generates an additional revenue stream for these outlets helping them to remain economically viable. Several collection point networks have already been established in the UK using post offices, petrol stations and small shops [START_REF] Rowlands | SAE. Taxonomy and definitions for terms related to driving automation systems for on-road motor vehicles[END_REF] as cited in [START_REF] Mckinnon | Unattended delivery to the home: an assessment of the security implications[END_REF]). * Mechanised storage and retrieval devices: Mechanised storage/retrieval (MSR) devices can be installed within existing retail outlets if sufficient space is available. This greatly enhances the security of the collection operation.

Few small shops are likely to have enough space, capital and throughput to permit investment in an internal MSR device. These devices are much more likely to be found in freestanding locations in areas open to the public such as railway station concourses, bus terminals or shopping centres. * Purpose-built collection centres: As the name suggests, this is a centre constructed with the express intention of it serving as a collection center. At the time time of writing of this paper, no dedicated collection centres had been constructed in the UK. In France, the 'drive' or 'click and collect' stores are an example of this kind of collection centres.

4. Local Drop off and Delivery: This type of delivery involves delivering the order to a local agency which stores it and delivers it when the customer is at home. This represents an extension to the collection point service, where the company not only receives the order on the customer's behalf but also delivers it to their home at a convenient time.

At the time of ordering the customer gives the retailer the address of the company providing this "last mile" service. When the goods arrive, the customer is notified by e-mail, phone or mobile text message and asked to specify a narrow time-window when the goods can be delivered. The final delivery is then made on an attended basis over a short distance, usually within 24-48 hours. The person receiving the goods at the home has to sign a POD.

Home or Communal Reception Boxes and Collection Points can take various forms depending on the physical characteristics of the reception box and the nature of the collection point. The review has identified two general security problems which are common to most forms of unattended home delivery:

1. Inability to obtain a signed POD from the customer. In most conventional retailing the financial transaction coincides with the physical transfer of the product to the consumer. In home shopping, these activities occur separately. Most purchases are made by credit/debit card several days or weeks before the goods actually arrive at the home.

Where there is no POD, customers can fraudulently deny obtaining the goods. They can also have the credit card payment repudiated on the grounds that the goods were never received, even when a delivery was actually made. If unattended deliveries to the home become widespread either to reception boxes or less secure locations around the home, the absence of PODs could become a serious problem. Home access systems and reception boxes can be designed to print out receipts or issue delivery drivers with validation code numbers. These merely confirm that the box or door has been opened and closed, however, and cannot guarantee than the consignment was deposited. The technical solution to this problem lies in the tagging of orders with radio frequency identification (RFID) or "smart labels" and installation of transponders in homes or reception boxes which can communicate with these devices [START_REF] Hont | The cutting edge of rfid technology and applications for manufacturing and distribution[END_REF] as cited in [START_REF] Mckinnon | Unattended delivery to the home: an assessment of the security implications[END_REF]). It is likely to be many years, however, before this technology is widely applied in the domestic market. In the meantime, the electronic tracking of delivery drivers' movements and actions deters them from stealing orders and provides evidence that can be used in any disputes with customers.

Even where it is possible to obtain a signed POD, as in the case of delivery to neighbours or through drop-off/delivery networks, existing paper-based POD systems are often defective. The return, sorting, validation and storage of these PODs can be fairly lax. Delivery validation can be computerised by using an electronic device to record the recipient's signature and downloading this information into a terminal on the vehicle or back at base. In some trading environments, this has the advantage of accelerating the transmission of the POD back to the supplier and subsequent issuing of an invoice. This is less applicable in the case of home shopping where pre-payment is the norm. A recent refinement of this system, however, synchronises delivery with payment.

Only when the customer provides a valid signature on an electronic POD device, is their credit card or bank account debited.

2. Possibility that goods delivered by one company will be stolen by a later delivery driver. This exists where successive deliveries are made using home access systems or reception boxes with common storage space ( [START_REF] Keane | Drop it and run-but who carries the can?[END_REF] as cited in [START_REF] Mckinnon | Unattended delivery to the home: an assessment of the security implications[END_REF]). In the longer term, the use of smart labelling and transponders, described above, will overcome this problem by electronically registering all deliveries to and removals from a drop box or home reception area. The partitioning of reception boxes can also address the problem, though space within the box is then used much less efficiently. At present the theft risk associated with successive delivery is negligible partly because so few home access systems and reception boxes are in use, but also because the frequency of delivery to the average home is very low. It has been estimated that in 1999 approximately 400 million packages were delivered to homes in the UK. This represents roughly 17 packages per household per annum. The probability of the average household receiving two packages on a particular working day would, therefore, be only 0.4 per cent. Even allowing for a heavier concentration of home deliveries among cash-rich, time-poor households, the volume of distribution to the home would have to rise very sharply for successive delivery to pose a significant crime threat. For the foreseeable future the main deterrent against customer denial of receipt and theft on successive deliveries is likely to be careful monitoring of the occurrence of these crimes. This will pinpoint offending households and delivery staff. The effectiveness of this type of crime pattern analysis will be enhanced where "e-tailers and carriers . . . share records of disputed deliveries" ( [START_REF] Keane | Drop it and run-but who carries the can?[END_REF], as cited in [START_REF] Mckinnon | Unattended delivery to the home: an assessment of the security implications[END_REF]).

In this subsection, the Last Mile is described: definitions, descriptions and challenges are presented. These are introduced in the form of various classifications linked to last mile logistics; the core components, distribution structures, aspects pertaining to the nature of the last mile, and different types of delivery are detailed. This information depicts a process with eclectic challenges; flexible, environmentally friendly, reliable and secure deliveries are demanded for free or at a low cost. For the purpose of this thesis, this information is of particular value, as the thesis is centered around introducing autonomous vehicles in this environment characterized by complex processes responding to eclectic challenges. In the next subsection, E-Commerce, its links with Urban Logistics and the subsequent implications for the subject of this thesis are presented.

Electronic Commerce

According to Jonathan Coppel, "The term e-commerce has no widely accepted definition. In a loose sense it means doing business over the Internet, selling goods and services which are delivered offline as well as products which can be "digitised" and delivered online, such as computer software. Trades can be among businesses or between businesses and consumers. But the Internet also encompasses a wider spectrum of potential commercial activities and information exchanges. For instance, it offers firms, individuals and governments an electronic infrastructure which enables the creation of virtual auction markets for goods and services where previously they did not exist. EBay.com, for example, was among the first successful sites to provide a framework where consumers can trade a wide diversity of goods and services with each other (Consumer to Consumer,C2C) and, at least in principle, with businesses (Consumer to Business, C2B). Likewise, in some countries, including Australia, the United Kingdom and the United States, governments are beginning to reorganise the management of public procurement systems -equivalent to some 10 per cent of GDP -over the Internet, opening the prospect of sizeable B2G transactions. The technology is also being used by governments for the transmission or receipt of information (Government to Business, Government to Consumer) to improve the convenience and lower the cost of payment systems and tax compliance (Consumer to Government), and by businesses to manage after sales service and to develop direct consumer marketing." [START_REF] Coppel | E-commerce: impacts and policy challenges[END_REF]. Figure 1.17 represents these different kinds of e-commerce. He further notes that B2B and B2C are the two parts of the e-economy where most development and progress to date has taken place.

E-commerce has grown at a staggering pace. In 1991, the Internet had less than 3 million users around the world and its application to e-commerce was non-existent. By 1999, an estimated 250 million users accessed the Internet Figure 1.17: Types of E-Commerce and broader internet applications. Source: [START_REF] Coppel | E-commerce: impacts and policy challenges[END_REF] and approximately one quarter of them made purchases online from electronic commerce sites, worth approximately $110 billion [START_REF] Coppel | E-commerce: impacts and policy challenges[END_REF]. In 2019, the same number stood at $26.7 trillion, indicating an increase by a factor of 260. This number has been catapulted further upwards due to COVID-19 [UN, 2021].

The different types of E-Commerce

E-commerce is broad and can comprise of interactions between various entities. [START_REF] Nemat | Taking a look at different types of e-commerce[END_REF] describes the different transaction schemas that are forked from different types of e-commerce. These are described below.

• Business to Business (B2B) e-commerce describes electronic commerce transactions between businesses, such as between a manufacturer and a wholesaler, or between a wholesaler and a retailer. In contrast are the business-to consumer (B2C) and business-to-government (B2G) types of e-commerce. Generally, the volume of B2B (Business-to-Business) transactions is much higher than the volume of B2C transactions as in a typical supply chain there are many B2B transactions involving sub components or raw materials, but only one B2C transaction, which is Figure 1.18: Evolution of E-commerce Sales. Source: www.statista.com the sale of the finished product to the end customer. Taking an example, [START_REF] Nemat | Taking a look at different types of e-commerce[END_REF] points out that an automobile manufacturer makes several B2B transactions such as buying tires, glass for windscreens, and rubber hoses for its vehicles while The final transaction, a finished vehicle sold to the consumer, is a single (B2C) transaction.

• Business to Consumer (B2C) e-commerce refers to activities of businesses serving end consumers with products and/or services over the internet. An individual ordering his groceries online is an example of a B2C transaction. One of the largest players in the B2C e-commerce space is Amazon, which boasts a product catalogue of millions of products. In addition to online retailers, B2C has grown to include services such as online banking, travel services, online auctions, health information and real estate sites. Peer-to-peer sites such as Craigslist in the united states or Leboncoin in France also fall under the B2C category.

• Business to Employees (B2E) electronic commerce uses an intrabusiness network which allows companies to provide products and/or ser-vices to their employees. Typically, companies use B2E networks to automate employee-related corporate processes. For example, it can include online insurance policy management, corporate announcement dissemination, online supply requests, or special employee offers among others.

• Business to Government (B2G) is, according to [START_REF] Nemat | Taking a look at different types of e-commerce[END_REF], "a derivative of B2B marketing and often referred to as a market definition of "public sector marketing" which encompasses marketing products and services to various government levels -including federal, state and local -through integrated marketing communications techniques such as strategic public relations, branding, marcom, advertising, and web-based communications". B2G e-commerce can take the form of platforms where businesses can respond to tenders (request for proposals) put out by governments.

• Consumer to Business C2B: A complete reversal of traditional business model, C2B is an electronic commerce business model in which consumers (individuals) offer products and services to companies and the companies pay them. A blog with affiliate links is an example of this kind of e-commerce.

• Consumer to Consumer (C2C) involves the electronically facilitated transactions between consumers through some third party. An example is the site ebay.com, in which a consumer posts an item for sale and other consumers bid to purchase it; the third party generally charges a flat fee or commission. Other examples include AirBnB, or job and dating matching sites.

• Government to Business (G2B) is the online non-commercial interaction between local and central government and the commercial business sector, rather than private individuals.

• Government to Consumer (G2C) is the communication link between a government and private individuals or residents.

• Government to Employees (G2E) represents the online interactions through instantaneous communication tools between government units and their employees.

• Government to Government (G2G) is the online non-commercial interaction between Government organisations, departments, and authorities and other Government organisations, departments, and authorities.

E-Commerce and Urban Logistics

The shift from traditional modes of distribution of products (ex. retail) to newer, internet based, distribution, is responsible for a host of issues. This has been examined in detail by Laetitia Dablanc in Urban Logistics: Management, Policy and Innovation in a Rapidly Changing Environment. [DABLANC, 2019]. Some of the issues due to the impact of e-commerce on urban logistics are presented below.

Changing consumption patterns: The rise of instant/same day deliveries

It is estimated that there are about 100,000 instant deliveries every week in Paris (Dablanc et al, 2017b). As instant deliveries generally require a physical proximity between pickup and delivery places, this means that there are 100,000 pickups in the same area. Instant deliveries therefore may represent about 12 per cent of B2C related deliveries and pickups, and 3 to 5 per cent of total deliveries and pickups in the Paris region. Further, most of these deliveries (88 %) are made by bicycles. This is different from urban freight where close to 60% of deliveries are made by vans. This is probably best explained by French legislation on third-party freight transport which necessitates that the use of a motor vehicle (including mopeds, motorbikes and vans) to provide freight transport must be registered in the national freight transport register, after a three-day training course, the guarantee of a fixed sum on a bank account for each vehicle used, and with a clean police record. This rather strict legislation deters independent couriers from using motor vehicles, although many violations of the rule are observed. A new survey (6T-bureau de recherche, 2018) shows that people living in Manhattan and Paris order a lot online, especially in Manhattan: 82 per cent of Manhattanites order online at least 6 to 10 times a month (and 26 per cent at least once a week). For Parisians the figures are 67 per cent and 9 per cent respectively. Also interesting is the significant share of same-day deliveries in all e-commerce activity: 12.2 per cent of orders in Manhattan and 10.2 per cent in Paris are delivered on the same day. Same-day deliveries include two-hour deliveries, which already make up 4.5 per cent (NYC) and 3 per cent (Paris) of total e-commerce deliveries. In this group, the use of 'instant delivery' apps and 'food apps' is becoming a major feature of online activity for Parisians and even more so for New Yorkers in Manhattan: 16.2 per cent of respondents in Manhattan are using a food app several times a week (4.5 per cent in Paris), and another 15.6 per cent once a week (7.9 per cent in Paris).

The growth in consumer demand for instant deliveries, especially in very large cities, seems inexorable. Consumers living in large urban areas around the world have never had so many options for acquiring goods and services, while their patterns of mobility are also changing quickly. Consumers' demands for home deliveries are, as a result, increasingly sophisticated. High quality of service in terms of reliability of delivery, ease of returns and faster delivery times, all this at low delivery fees, are expected. A proportion of consumers are aware that these requirements can translate into fragmented deliveries and increased freight trips in cities, generating negative impacts on pollution and congestion. However, so far, few people are willing to acknowledge the impact of buying habits on the urban freight system, and even fewer to change it. Consumers' requirements may need to be taken as a given as behavior is unlikely to change with awareness alone.

Changing ecosystem of warehouses

To accomplish instant and same day deliveries, logistics facilities need to be closer to customers to reduce time to delivery. Logistics providers are increasingly willing to pay the premium characteristic of real-estate in urban areas (where customers are generally located). There is thus a demand for well-located, well-equipped sites -even those that are relatively small -that provide a competitive advantage to these logistics providers looking to serve their customers. Sometimes, these are 'infill' locations -within urban areas that are repurposed for logistics. An infill location is a space in an urban area that has usually already been developed, but is now vacant and can be repurposed for new users (Spencer et al, 2016). For example, Chronopost, a major express transport operator in France (group La Poste), operates from Beaugrenelle terminal, a former elevated parking structure in the 15th arrondissement converted into an urban warehouse, and UPS opened a 7,000 square metres terminal in the eastern part of Paris in 2017. Further, the City of Paris now requests bids for tenders to transform abandoned or underused sites into urban logistics hubs. Perhaps the best-known example of urban warehouses is the expansion of Amazon Prime Now facilities in major cities around the world, including one in Manhattan. To serve most Los Angeles' residents, Amazon operates five Prime Now warehouses, of 5,000 to 6,000 square meters each in the city, at strategic locations, all very urban ones. If the facilities are not in city centres, they will be located in suburban areas near major highways accessible in 30 minutes during non-rush-hour periods (Phillips, 2016).

Changing business models

Leading e-commerce companies, with Amazon, JD, Alibaba, eBay and Rakuten in the lead, view themselves as logistics service companies in nature. They decide on full logistics services and in some cases they operate them directly, investing in warehouses, vehicles and IT systems to make deliveries to consumers more efficient. They cooperate with traditional freight operators (Amazon is the most important client of many postal operators in Europe and the United States), but also now compete with them. This brings many changes in the last mile logistics industry.

Impact on city planning

In conclusion, E-commerce has a significant and disruptive impact on Urban Logistics. For example, the rise of instant deliveries is a concern for city planners. In Paris, the dependence of instant deliveries on bicycles poses a challenge for traffic management as the roads are not designed to accommodate tens of thousands of deliveries by bicycle or moped, or even on in-line skates and scooters. As the revenue made is usually correlated to the number of delivery tasks accomplished, all these deliverers are in a perpetual hurry, posing a security threat to both themselves and to those with whom they share the road. Then, there are consequences in terms of urban construction and urban planning: guaranteeing delivery in less than two hours means that the point of departure of the goods must be close to the final consumer, which spells out the need for newer regulation. It also accelerates changes in business models, with online retailers moving into the space of traditional logistic providers. Lastly, it is worth noting that urban teenagers are already eager users of instant deliveries, and it would be fair to consider it as an indication of their behavior as the adult consumers that they will become, further augmenting related issues. Thus, Urban freight policy is indeed chal-lenged by e-commerce; traffic management, urban planning and enforcement policies will do well to promote cleaner delivery vehicles and consolidation of goods flows along with architectural innovations for new urban warehouses.

In the next section, various challenges arising from Urban Logistics, faced by a city planner, are described. Changes in consumption patterns, warehouse ecosystems, business models and their subsequent impact on city planning due to the rise of e-commerce serve well to depict the changing face of transport of goods inside cities. Accompanying this is the rise of urban population as the share of total population described above. Through these, the role played by the individual customer becomes evident: he is at the heart of many of these changes and his impact is expected to continue to grow. The expression of his desireswithin technological constraints -for quick deliveries at low prices for a wide selection of products drives the market. This reason, among others cited below, is why B2C deliveries are chosen as the subject of this thesis.

Urban Logistics, Negative Externalities, and Regulation

Negative externalities linked to urban logistics are a well acknowledged phenomenon in the literature. The following words by Francois Combes provide a summary of the situation. "From a public policy standpoint, urban logistics raises a number of issues: it requires real estate, in a place where real estate is scarce; it generates traffic, in a place where roads are congested, there is a dearth of parking space, and the pollution and noise generated are particularly harmful, due to both building configuration and the concentration of residents. As a consequence, a reduction in the pressure that urban logistics exerts on urban areas is strongly wished for. And yet, the beneficiaries of urban logistics, i.e., mostly, residents (either directly or through retail stores), are a particularly demanding and difficult segment to satisfy from a supply chain management perspective. Indeed, the demand they generate is spatially and temporally dispersed, they prefer frequent orders of small amounts of commodities and value highly variety, flexibility, and, when relevant, a short lead time... urban logistics heavily relies on a large flow of small vehicles, not used at weight or volume capacity, often old and polluting" [START_REF] Combes | Equilibrium and optimal location of warehouses in urban areas: A theoretical analysis with implications for urban logistics[END_REF].

A non exhaustive list of negative externalities due to the movement of goods inside cities is presented here. [START_REF] Cárdenas | E-commerce lastmile in belgium: Developing an external cost delivery index[END_REF], developing an external cost of delivery index, identify the following externalities, some of which are also echoed in [START_REF] Beziat | A comprehensive view of goods transport systems-typology and analysis of delivery tours in the paris region[END_REF] and [START_REF] Camilleri | What future for electric light commercial vehicles ? : a prospective economic and operational analysis of electric vans for business users, with a focus on urban freight[END_REF].

• Congestion costs: These costs represent the decrease in average moving speed caused by every additional vehicle using the road. They point out that in general, the calculation of these costs is done based on the characteristics of the road, the value of time for users of the road, and the relation between the number of cars and the changes of their speed. It is estimated that freight transport represents, depending on the agglomeration, between 9 and 15% of the vehicle trips and between 15 and 25% of the "passenger vehicle equivalent" vehicle kilometers (As owing to their larger sizes, commercial vehicles occupy a larger area of the road) ( [START_REF] Routhier | Mesurer l'impact du transport de marchandises en ville. Le modèle de simulation FRETURB[END_REF] as cited in [START_REF] Beziat | Approche des liens entre transport de marchandises en ville, formes urbaines et congestion: Le cas de l[END_REF]).

• Accident costs. Accident costs account for the risks that society bears when a vehicle is travelling. They point out that three different cost components exist in the most widely used methodology: the costs for the person exposed to the risk, the costs for the relatives and friends of the person exposed to the risk and the costs for society such as police, medical and output losses costs. Beziat, citing figures from the National interministerial observatory on road safety in France, notes that 12.2% of fatal accidents without a third party in France involved light commercial vehicles and heavy goods vehicles. Further, he notes that both categories of vehicles also participated in 31.3% of fatal collisions [START_REF] Beziat | Approche des liens entre transport de marchandises en ville, formes urbaines et congestion: Le cas de l[END_REF].

• Air pollution. Air pollution from freight transport activities is a major concern for society. Four types of pollutants can be distinguished among as the most harmful: particulate matter (PM), nitrogen oxides (NOx), sulphur dioxides (SO2), and the toxic volatile organic compounds (VOC) ( [START_REF] Korzhenevych | Update of the handbook on external costs of transport: final report for the european commission: Dg-move[END_REF] as cited in [START_REF] Cárdenas | E-commerce lastmile in belgium: Developing an external cost delivery index[END_REF]). It is estimated that in French urban areas, freight transport accounts for a very large share of CO2 (about a quarter) and local pollutants related to urban traffic: 20% of carbon monoxide emissions, 36% of nitrogen oxide emissions, 25% of unburned hydrocarbons, 44% of sulfur dioxide and 60% of fine particles ( [START_REF] Albergel | Mise en place d'une méthodologie pour un bilan environnemental physique du transport de marchandises en ville[END_REF] as cited in [START_REF] Beziat | Approche des liens entre transport de marchandises en ville, formes urbaines et congestion: Le cas de l[END_REF]).

• Noise. Typically, noise costs represent the annoyance and, in situations where it exceeds 60 dB, health damage for the people exposed to it [START_REF] Van Essen | External costs of transport in europe, update study for 2008[END_REF] as cited in [START_REF] Cárdenas | E-commerce lastmile in belgium: Developing an external cost delivery index[END_REF].). Noise pollution emanates from the noise of the engine, the contact of the tires while rolling on the road (at high speed), the opening and closing of doors, handling of the merchandise and the operation of various vehicle equipment (tailgate, refrigeration equipment). It is estimated that during the morning rush hour in Bordeaux, freight vehicles were estimated to add an average of 5 dB(A) to the noise of passenger cars ( [START_REF] Albergel | Mise en place d'une méthodologie pour un bilan environnemental physique du transport de marchandises en ville[END_REF] as cited in [START_REF] Beziat | Approche des liens entre transport de marchandises en ville, formes urbaines et congestion: Le cas de l[END_REF]).

Owing to the various negative externalities caused by Urban Logistics, it comes as no surprise that the handling of these is an important perspective for a city planners point of view, and thus, logistics in cities are regulated in myriad ways; special licenses for driving, parking spots, delivery hours, weight restrictions among many others. Indeed, there is a rich and diverse literature regarding this subject. For example, [START_REF] Maria Patella | The adoption of green vehicles in last mile logistics: A systematic review[END_REF] conduct a systematic literature review on the adoption of green vehicles for urban logistics, and analyse a corpus of 159 articles dealing with this issue. They note that academic interest in the adoption of green vehicles in urban logistics has significantly increased as documented by the increasing number of publications on this topic in recent years. There are also analysis of various proposed solution that deal with various negative externalities. For example, [Figliozzi and Tipagornwong, 2017] inspect the implications of regulations concerning parking on the operational cost of the last mile and show that well intentioned policy measures may lead to undesirable effects, for example they note that, "Productivity improvements like service time reductions may result in undesirable changes in commercial vehicle parking behaviour.", thus highlighting the need for a nuanced inspection. To take another example, Holgiun Veras and colleagues, in a very comprehensive study ("State of the Art and Practice of Urban Freight Management Part 1 and 2"), analyze data collected from 32 countries and 56 cities throughout the world, to classify and gauge performance of public sector initiatives used to improve freight activity in metropolitan areas. They classify all initiatives into seven groups are: Infrastructure Management; Parking/Loading Areas Management; Vehicle-Related Strategies; Traffic Management; Financial Approaches; Logistical Management; and, Demand/Land Use Management; all underpinned by Stakeholder Engagement. Through evaluating and ranking these 48 unique initiatives, the study indicates which initiatives are most promising in terms of reducing negative externalities and increasing efficiency. The study make thus makes evident the impact of policies on the use of any vehicle in logistics (Holguín-Veras et al. [2020a,b]). The varied examples point to both the need of and interest for regulation, along with the usefulness of a dialogue and collaboration between OEM's/start-ups, municipality/regulatory authorities and researchers in the field to facilitate synergies and optimum solutions. In a city, arguably Urban Logistics manifests itself most ostensibly in the form of a vehicle and driver-deliverer combo. For a Parisian, the term 'delivery' evokes the image of a driver/deliverer leaving a commercial vehicle -generally a van -stationed below a haussmanian building. In the following section, this van and driver/deliverer combo is described.

Urban Deliveries: Vehicles used and driver/deliverers

As described above, an urban logistics movement starts at an origin and ends at a destination. In the case of a B2C urban delivery6 , this origin is generally a warehouse or cross docking platform which may or may not be located in the confines of the city. The destination is generally the place of residence of the final customer. The merchandise is carried from the origin to the destination in a vehicle. Driving the vehicle is the driver; he is also the one who accomplishes the 'last meters of the last mile', taking the merchandise from the vehicle to the client. The driver accomplishes a very specific set of tasks. Similarly, each type of vehicle brings with it a set of advantages and constraints. These are described in the relevant subsections below.

Vehicle Types used for Urban Deliveries

Vehicles used in Urban Logistics differ in their size, capacity, autonomy and a number of other factors. Different vehicles are used for different purposes in Urban Logistics. Further, the type of vehicles used, and the purpose they are used for, is different for different parts of the world. For example, [START_REF] Figenbaum | Can battery electric light commercial vehicles work for craftsmen and service enterprises?[END_REF] inspects whether electric light commercial vehicles are suitable for use by craftsmen in the Norwegian context. He concludes that owing to specific subsidies provided by the Norwegian government, these vehicles are competitive on a cost level, but owing to their reduced range, they are not suitable for use in all current circumstances. While there is a large diversity in these vehicles, below, only two of these vehicles, pertinent to the subject of this thesis are described. For operational, economic, and regulatory reasons, they are massively used in cities for the transport of goods. According to the Survey on the Transport of Goods in Cities, realised in the Ile de France region by the Planning, Economy and Transport Laboratory of Lyon, France, 61% of the close to 4,260,000 operations realised per week in the Ile de France region are realised by vehicles under 3.5 tons.

An important point to consider is that, in France, this commercial vehicle class can be driven with the usual private car driving-license (known as the 'Permis B'). Commercial vehicles with a gross weight higher than 3.5 tons require a special driving license to operate.

The work of Pierre Camilleri shows that there are roughly three categories of LCVs, the smallest one with a gross weight of about 1.7 tons, the second category with a gross weight around 2.7 tons, and the third with a gross weight of 3.5 tons. He also remarks that these vehicles can have many different body types. The most common is a van body, which is defined by rigid walls and roof. There exist, however, other kinds such as temperature-controlled vehicles, vehicles with liftgates, or vehicles with sliding flexible side walls. [START_REF] Camilleri | What future for electric light commercial vehicles ? : a prospective economic and operational analysis of electric vans for business users, with a focus on urban freight[END_REF] As of January, 2020, there are about 6 million of these vehicles in circu-lation in France. 95% percent of these use Diesel as fuel. 46% of these vehicles, in France, are used by artisans or other private individuals. 54% of these users are professionals [SDES, 2020]. Lastly, it is important to note that these vehicles use either a petroleum based product (petrol or diesel) as fuel, or are powered by electricity. Vehicles in the first category are referred to as 'conventional vehicles' and those in the latter category as 'electric vehicles'8 . As mentioned above, conventional vehicles offer a greater autonomy (i.e. they can travel larger distances on a single tank of fuel) than electric vehicles, though electric vehicles are fast catching up.

As these vehicles are extensively used in the last mile9 , they represent an important reference point for the purposes of this thesis.

• Cargo Bicycles

A cargo bicycle is a bicycle10 that has been specifically designed and constructed to accommodate and transport goods. These bicycles have a cargo area in the form of a closed or open box, a wire basket or a flat bed, generally located in front of the driver, between the front wheel and the driver. While a bicycle typically implies two wheels, a cargo bike is can also have three wheels, with one wheel in front, and the cargo area behind the driver supported on two wheels. Cargo bikes can be powered electrically or rely entirely on human power.

Standardisation of these bikes is under way, with various groups working on this objective. Regulation (EU) No 168/2013 of the European Parliament and of the Council of 15 January 2013 on the approval and market surveillance of two-or three-wheel vehicles and quadricycles mentions various definitions pertaining to cargo bikes, but these are as of yet unclear. According to it, L-category vehicles comprise powered two-, three-and four-wheel vehicles including powered cycles, twoand three-wheel mopeds, two-and three-wheel motorcycles, motorcycles with side-cars, light and heavy on-road quads, and light and heavy quadri-mobiles. In the category L, for our interest, there is category L1e vehicle (light two-wheel powered vehicle), sub-categorised into L1e-A vehicle (powered cycle), and L1e-B vehicle (two-wheel moped). There is also the category L5e vehicle (powered tricycle), more specifically the subcategory L5e-B vehicle (commercial tricycle) which is a utility tricycle exclusively designed for the carriage of goods. As standardisation is under way, various specific characteristics linked to these vehicles are unclear. For our purposes, however, all relevant characteristics are specifically mentioned in the modelling section.

As mentioned above, different vehicles have different characteristics, which make them more or less suitable for a particular application. These include, but are not limited to, the total cost of ownership, their range (autonomy), type of fuel used, weight and volume capacity. All characteristics relevant to our purposes are made explicit in the second part of this thesis. Further, as mentioned at the beginning of this chapter, various kinds of vehicles are used in urban logistics, but only two of these, which represent the vast majority of urban deliveries have been presented. This is due to the fact that thesis deals with the potential replacement of only these vehicles by autonomous vehicles.

The Driver/Deliverer

The fact that a user of a light commercial vehicle spends a lot of time inside the vehicle is evident by considering the following fact: LCVs are driven around 12,000 kilometers a year (roughly 50 kilometers each working day) to 18,000 kilometers a year (roughly 75 kilometers each working day) depending on the category [START_REF] Camilleri | What future for electric light commercial vehicles ? : a prospective economic and operational analysis of electric vans for business users, with a focus on urban freight[END_REF].

It is important to make a distinction between two kinds of users of vehicles; freight operators and mobile workers. Freight operators are individuals that use their vehicle for delivering freight. Mobile workers, on the other hand, use their vehicle as an offshoot of their primary activity (ex. Plumber, Nurse, etc.).

This thesis focuses on freight operators, more specifically, the focus is on the driver/deliverer. He is the individual who makes the link between the warehouse/origin of goods to the final client/the destination of the goods. He is generally an employee of the logistics organisation undertaking the delivery11 . The driver -before leaving the warehouse -handles the loading of the merchandise in the vehicle12 . After leaving the warehouse, he navigates to the final destination and ensure a successful delivery. His role in the delivery process, along with the tasks he undertakes, are detailed in Chapter 4.

Not only is the driver/deliverer a crucial link in the delivery process, the profession is generally not very well paid and subject to long work hours. These conditions lead to a host of problems for the driver/deliverer, a crucial element who is often not mentioned in the literature. Indeed, occupational vehicle accidents have been demonstrated as the leading cause of work-related traumatic injury and death in the US, UK, France and Australia. Work drivers are often subjected to larger than usual fatigue due to lack of control over scheduling and work pressure. Occupational Light Vehicle users travel greater distances annually than the wider general driving population, using more built-up roads than heavy vehicle drivers. As work-drivers they generally do not choose when and where they drive, therefore being exposed to a wide range of weather and other environmental conditions (putting them further at risk) [START_REF] Stuckey | Working in light vehicles-a review and conceptual model for occupational health and safety[END_REF].

Conclusion

This chapter -the first of three that introduce and then define the field of interest of this thesis -begins with the description of cities, an emergent phenomenon of human civilisation that is characterized by a large number of humans residing close to one another in a way that, compared to other forms of human habitation, the result can be considered densely packed. The role that cities play towards the progress of human civilisation -notably by enabling the exchange of goods and information -is then briefly described. It is noted that cities, in order to produce ideas and services, require a large amount of resources.

The systems that enable the provision of these resources are, loosely speaking, termed as Urban Logistics. Definitions, frameworks of Urban Logistics are examined, and various classifications/subsets are presented. One -and for the purpose of our thesis the most pertinent -subset of Urban Logistics is Last Mile Logistics. Last Mile Logistics is examined extensively. Notably, frameworks and classifications are presented, of both last mile logistics in general, and more specifically of types of deliveries in the last mile. This is followed by an introduction to Electronic Commerce. Various kinds are briefly presented. Trends accompanying it, which reflect its rising importance for businesses and consumers alike are highlighted. The relationship between E-Commerce and Urban Logistics is made explicit.

Then, negative externalities linked to Urban Logistics, and the role of regulation are described.

Then, a brief description of different types of vehicles currently used in Urban Logistics and the role of the driver/deliverer is provided. This is relevant as the core of this thesis is the removal of the driver and the comparison of various kinds of vehicles used for Last Mile Logistics (with a focus on autonomous vehicles, which are introduced in Chapter 2), on various parameters to determine suitability according to different performance related characteristics.

As mentioned in the introduction to Part One, this is a thesis on the implementation of a new technology (that of Autonomous Vehicles) to the transport of goods inside cities. The purpose of presenting Urban Logistics and Last Mile Logistics is to

• paint a (broad, and in many ways, incomplete, yet, for our purposes, practical and useful) picture of the transport of goods inside cities,

• explicit which part of the transport of goods inside cities is this thesis concerned with (The Last Mile Logistics of B2C deliveries),

• point out that the transport of goods inside cities has unintended, negative consequences for the residents, and that sometimes the incentives of the logistics providers, final customers (the residents of the city) and of the city planners are misaligned.

This chapter aims to present a holistic impression of Urban Logistics: on one hand, necessary, and on the other, problematic. Rising urban population as a share of total population, along with the rise of e-commerce, both trends examined in previous pages, serve as the proverbial canary in the coal mine -indicators of the probable augmentation of both the volume of and the negative externalities linked to Urban Logistics -and simultaneously reaffirm the contemporary importance of studying these issues, justifying the subject choice of this PhD thesis.

Chapter 2 Vehicles that drive themselves

In the long run, history is the story of information becoming aware of itself.

The Information -James Gleick

In this chapter, the technology of autonomous vehicles, and pertinent literature on it, is introduced. The current state of Autonomous Vehicles is presented. It is made put clarified that these new generation of vehicles, along with being autonomous, will probably also be electric, connected, and shared. A widely used classification of autonomy is also presented. The purpose of this chapter is to provide a short, general background on the state of autonomous vehicle technology and its market, to prepare for the next chapter concerning the use of Autonomous Vehicles in urban logistics.

The Information Age: The Internet, Telecommunications and Vehicle Autonomy

The transmission/reception of information requires two components; the hardware and the software. Coincidentally, the hardware and the software that formed the backbone of modern information exchange developed simultaneously yet independently, in 1948 [START_REF] Gleick | The information: A history, a theory, a flood[END_REF]. This was the year that the Bell Telephone Laboratories unveiled an object they called the Transistor [START_REF] Shockley | The theory of p-n junctions in semiconductors and p-n junction transistors[END_REF]. This was the hardware. 1948 was also the year that Claude Shannon's 'A Mathematical Theory of Communication' was published, which introduced, to the world, the 'bit', thereby enabling the translation between boolean algebra and digital circuitry, thus giving us the software. [START_REF] Shannon | A mathematical theory of communication[END_REF].

In August, 1962, J.C.R. Licklider, while the first head of the computer research program at DARPA, wrote a series of memos which described social interactions that could be enabled through networking. He envisioned a globally interconnected set of computers through which everyone could quickly access data and programs from any site. Packet switching theory, which formalises the transfer of information between various computers, entered into scientific record through a paper published in July, 1961, by Leonard Kleinrock. Then, Licklider's colleagues at DARPA, notably Lawrence G. Roberts, took the next step of making computers talk together. In late 1966, Roberts took his plan for the 'ARPANET' to DARPA, and published it in 1967. This was the beginning of what is now known as The Internet. [START_REF] Barry M Leiner | A brief history of the internet[END_REF] The transistor enabled integrated circuits, which made computers smaller and more powerful [START_REF] Woodford | A brief history of computers[END_REF]. In 1965, Gordon Moore, then the head of research for Fairchild Semiconductors and later one of the co-founders of Intel, predicted that the number of transistors that could fit on a single chip of silicon would double every year, enabling twice as much computing power for only slightly more money [START_REF] Robert | Moore's law: past, present and future[END_REF]. As the 21st century dawned, widely available wireless transfer of information became faster. 2002 saw the launch of the first 3G network which allowed upwards of 144,000 bits of information to be transmitted in a second [START_REF] Vriendt | Mobile network evolution: a revolution on the move[END_REF]. 4G, made available in 2009, promised information transfer at speeds between 100,000,000 bits per second to 1,000,000,000 bits per second [START_REF] Ian F Akyildiz | The evolution to 4g cellular systems: Lte-advanced[END_REF]. 5G, which is currently becoming the established wireless communication standard, boasts 10 time faster speeds [START_REF] Shafi | 5g: A tutorial overview of standards, trials, challenges, deployment, and practice[END_REF]. Now, the world is looking at machines that not only compute more speedily than ever, but also talk with other such machines that are making other such calculations with as much haste, potentially collaborating, and if not collaborating, at the very least, successfully exchanging information faster than they ever have before.

All this evolution permanently altered the face of society. These two technological advances that enabled machines to calculate faster and talk with other machines faster also enabled new economic possibilities. Information that traditionally was gleaned in person, or by telephone, could now be gathered near instantaneously, changing, among various other industries, the hospitality industry; sites like booking.com allow you to book a hotel room anywhere in the world. Individuals, separated by thousands of kilometers can exchange information about their life, giving rise to social networks like Facebook. This free information exchange engendered various; from coffee beans to life partners, anything can be found on the internet. Closer to the themes of this thesis, this availability of information enabled buying and selling goods online, thus giving rise to electronic commerce. The development of the Global Positioning System (GPS) allowed monitoring a moving object -like a car -in real time to gather information pertaining to its location and speed. Coupling this information with information about its occupancy status led to the rise of taxi companies like UBER, but also real time car-sharing services like MovePARIS by Renault. Lastly, for the purposes of this thesis, the advancing in computing led to conditions that engendered the rise of Artificial Intelligence (AI). These technological developments that seems disparate, along with others not mentioned (like evolving electric drive-trains), unite to engender the themes that this doctoral dissertation attempts to address, notably that of the use of autonomous vehicles for urban logistics. The archetypal car, in any ones imagination, typically involves 4 wheels and a driver. This has remained true since the 16th century, but now the commonplace 'car' is at the cusp of change; there is consensus among various actors in the automobile realm that the next generation of vehiclesdue to a combination of factors -might make the act of driving a 'leisure' activity rather than a necessity. This may fundamentally change 1 both the automobile and mobility industry. McKinsey and Company refers to these factors as 'diverse mobility, autonomous driving, electrification, and connectivity' [McKinsey, 2016], while Infosys refers to them as the 'electric, autonomous, connected (EAC) vehicle' [Infosys, 2018]. Drawing from both academic and non-academic literature, these factors can be summed up under the acronym 'AECS' which refer to the Automation, Electrification, Connectivity, and Sharing possibilities of the next generation of vehicles. These factors, taken together, hint at a paradigm shift characterized by, among other changes, different patterns of human-vehicle interaction (i.e. the nonnecessity of a human driver), changed ownership scenarios (i.e. sharing instead of owning), stricter emission norms and a higher ratio of time utilized per day of vehicles.

The advent of Autonomous vehicles

Duarte and Ratti, tracing the evolution of Autonomous Vehicles in their paper, The Impact of Autonomous Vehicles on Cities: A Review, write that "In 1909, the First National Conference on City Planning, in Washington DC, was canceled after it became evident that city planners could not solve the traffic and health problems related to the then current transport modes (horses). Big cities, such as New York, relied heavily on horse-powered vehicles, despite the fact that they were imposing a massive burden on the urban population. However, around the same time, another mode was starting to take over the streets, and less than two decades later, the problems related to horse-powered transport were completely solved without any active participation of planners or designers: internal combustion vehicles (once called horseless carriages) freed the cities from animal traffic, odors, and carcasses-thousands were left behind yearly in the streets of New York alone once the "engine" of horsepowered vehicles died on duty... Soon urbanists understood how powerful internal-combustion vehicles would be in transforming the way cities functioned and people moved. In The City of To-Morrow and Its Planning, Le Corbusier proposed that cars would overturn E-commerce trends and implications for urban logistics. "all our old ideas of town planning." Long, wide, and multiple-lane roads would have been its new armature: "a machine for traffic, an apparatus for its circulation"" [START_REF] Duarte | The impact of autonomous vehicles on cities: A review[END_REF] Today, over a century after cars transformed several aspects of urban life, a new technology can once again become a force in how we think, plan, and design cities... Although in an experimental phase, AECS vehicles are starting to hit our roads, and transport planners and urban designers think that they might redefine urban mobility in the near future. However, the way in which this will happen is far from decided-and is an active subject of discussion among car manufacturers2 , academicians, city planners and the general public.

Since the 1920's, the idea of automated vehicles has given birth to many prototypes; going from radio-controlled cars to electromagnetic guiding roads. But since the 1980's, a clear direction towards robotic vehicles is taken, as shown by the Autonomous Land Vehicle (1985)(1986)(1987)(1988) and PROMETHEUS (1987)(1988)(1989)(1990)(1991)(1992)(1993)(1994)(1995) projects. The recent advances in computer science, robotics and electronics, as notably demonstrated by the Grand DARPA Challenges between 2004 and 2007, show us another possible form of the car.

However, it is important to note that the next paradigm shift will probably be due to a combination of 4 factors; the removal of the human component, the electrification of the drive train, the connection of vehicles with each other and other technologies, and the changing ownership modelsthe possibility of sharing instead of owning -brought about due to various connected technologies. These factors are considered together as they are complementary disruptors; the potential disruption is 'multiplied' when these factors are considered together. In more concrete terms, if a vehicle is considered 'autonomous' in the strictest sense, the only value addition it brings is the removal of a human driver -however, adding the possibility to be connected to the internet enables a host of economically lucrative possibilities (ex. Robo taxis). However, this understanding is not always reflected in the literature [START_REF] Varma | Lcv's in urban logistics: are aecs vehicles conceivable?[END_REF]. Automation, connectivity, electrification and sharing while possible, might not always be present together in the same vehicle. These terms are clarified;

Autonomy

It is important to note that not all autonomous vehicles are alike in their autonomy. The SAE (Society of Automotive Engineers) in 2016 defines six levels of driving automation: 0 (no automation) to 5 (full automation). Many traditional Original Equipment Manufacturers (OEM's) offer up-to level 3 autonomous capability in current production cars (Ex. Tesla Model 3, S), and some level 4 cars and facilities exist (ex. Uber). Most recently, end of last year, Level 5 automation has been successfully achieved by Waymo (a subsidiary of Alphabet, the parent company of Google) [START_REF] Sae | Levels of Driving Automation[END_REF]. Learn more here: sae.org/standards/content/j3016_202104 
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Electrification

Electrification involves the switch to an electric drivetrain. Various studies inspect possible benefits -reduced Green House Gas and pollutant emissions and reduced cost/km among others, however further research is needed [START_REF] Sperling | Three revolutions: Steering automated, shared, and electric vehicles to a better future[END_REF].

Connectivity

Connectivity, often denoted as 'V2X' (Vehicle to X), encompasses 'V2I' (Vehicle to Infrastructure), 'V2V' (Vehicle to Vehicle), 'V2P' (Vehicle to Pedestrian), 'V2G' (Vehicle to Grid), and 'V2D' (Vehicle to Device). V2I connectivity may enable vehicles to gauge their surroundings precisely by getting information from the infrastructure, for example, stop signs. V2V connectivity may enable platooning, prioritizing (ex. Autonomous ambulances and fire trucks) and accident avoidance. V2P connectivity implies being able to communicate with pedestrians especially at points of intersection (to signal pass or stop to avoid collisions). V2G connectivity -used by Electric Vehicles -may enable utilizing dynamic prices for charging (ex. Charging at night when the grid is underutilized) and 'selling' electricity to the grid, in times of higher demand. V2D connectivity, especially if combined with Automation, could enable a new dimension of human-vehicle interaction by enabling different kinds of usage -for example co-owning/sharing a vehicle, commanding a robo-taxi or sending instructions to park/pick up/charge [START_REF] Ying | A review on the state-of-the-art technologies of electric vehicle, its impacts and prospects[END_REF].

Sharing

Lastly, sharing involves the use of a vehicle -operated by an individual (who might be the owner) -by multiple passengers, who contribute to the costs of operation/service provided. This can be done in various ways; Carsharing (Round Trip carsharing, One-way carsharing, Personal Vehicle Sharing and P2P carsharing), Ridesharing (Vanpooling or Carpooling), On-Demand Ride Services (Ride hailing/Transport Network Companies, Ride splitting, E-Hail Services). While some forms of sharing had been possible before (ex. Certain forms of Car Rental), advances in tele-communication have made possible other kinds of sharing (ex. E-Hail Services). Autonomous cars, enabled with V2D connectivity, would make other forms of sharing possible due to the removal of the human component and possibility of robust decision making. (Ex. Real time traffic monitoring and operational efficiency may reduce costs and make some form of sharing cost-competitive).

The literature on AECS vehicles

AECS vehicles have been subject to various analysis due to forecast disruptive potential; there is a large and ever growing body of literature. Some papers deal with the technical aspects while others with inspect the socioecono-political angle. In the literature, their capabilities, impacts, implementation obstacles, and policy recommendations are closely examined. For example, Clements and Kockleman conduct an economic analysis on 13 industries in the U.S., including both industries where the impact is evident (ex. Insurance, Personal transportation etc.), and those where the impact is less evident (ex. Auto repair and Traffic Police, both which can be expected to diminish in importance). They calculate a positive impact to the tune of 418 billion dollars due to this technological shift [Clements and [START_REF] Lewis | Economic effects of automated vehicles[END_REF]. Considering commuter transport, a report by the International Transport Forum examines the changes that might result from the large-scale uptake of a shared and self-driving fleet of vehicles in a mid-sized European city and suggest that nearly the same mobility can be delivered with 10% of the cars, though it is influenced by the availability of public transport. They also stress the importance of transport governance in managing the transition [START_REF] Martinez | Urban mobility system upgrade-how shared self-driving cars could change city traffic[END_REF]. [START_REF] Adler | Autonomous, connected, electric shared vehicles (aces) and public finance: an explorative analysis[END_REF]] take a more cautious view; while detailing the involvement of various governmental structures in taxation from vehicles, they affirm that the economics of AECS vehicles are rather complex and recommend further research coupled with near term policy action for a conclusion about both their reputed positive effects, and adoption. In a similar vein, [Medina-Tapia and Robusté, 2019] formulate a model for a circular city based on continuous approximations, considering demand surfaces over the city to predict direct and indirect effects of connected and autonomous vehicles, finding direct and indirect effects operating against each other; for example a decrease of travel costs by 30% might be accompanies by induced demand as high as 50%, concluding that the implementation of autonomous vehicles could be neutral for the cities regarding travel time costs. This snapshot of a diverse literature only aims to depict its scope. It is important to note, however, that nothing can be said in this thesis, which is not said better and more extensively in a small number of excellent papers and reports, from which the three most significant are described.

First, [START_REF] Faisal | Understanding autonomous vehicles[END_REF] conduct a systematic literature review on publications on Autonomous Vehicless, published between a 18 year period from January, 2000 to January, 2018. They select 61 journal articles according to three sub themes, and during the final stage of review process they inspect relevant literature (which did not meet the pre-determined selection criteria) and include it as supporting material as it permits a better appreciation of the the background context. In this way, various books, book chapters, gov-ernment policies, and online reports are included in their literature review, resulting in over 150 reviewed and cited references. The three sub themes they inspect are the capability of AVs, their impact and planning, and finally literature linked to policy pertaining to AVs.

• Talking about capabilities, they note that for an AV to replace a conventional vehicle (or to be capable of replacing the human driver), it must be able to perform five basic operational functions through its Automated Driving System -localization, perception, planning, control, and management ( [START_REF] Coppola | Connected car: technologies, issues, future trends[END_REF] and [START_REF] Drew Pendleton | Perception, planning, control, and coordination for autonomous vehicles[END_REF] as cited in [START_REF] Faisal | Understanding autonomous vehicles[END_REF]). They posit that the technological features AVs will possess include platooning, fuel efficiency, eco-driving, adaptive cruise control with queue assist, crash avoidance, lane keeping, lane changing, valet parking or park assist pilot, traffic sign and signal identification, cyclist and pedestrian detection, safe maneuvering at intersections, and that in some instances these capabilities will exceed those of a conventional or human driven vehicle. [START_REF] James M Anderson | Autonomous vehicle technology: A guide for policymakers[END_REF] as cited in [START_REF] Faisal | Understanding autonomous vehicles[END_REF]).

• The authors note that the adoption of AVs will have implications on infrastructure design, different patterns of car ownership, employment, energy consumption, emissions, traffic safety, public health, capital investment and land use.

• Regarding policy, authors note that testing, deployment, privacy, cybersecurity, liability and insurance are subjects that require policy interventions.

Second, Fagnant and Kockleman in Preparing a nation for autonomous vehicles: opportunities, barriers and policy recommendations seek to explore the feasible aspects of AVs and discuss their potential impacts on the transportation system. Their research explores the remaining barriers to wellmanaged, large-scale AV market penetration and suggests federal-level policy recommendations for an intelligently planned transition, as AVs become a growing share of our transportation system. Their research is grouped into three major sections: potential benefits of autonomous vehicles, barriers to implementation and policy recommendations. In the first section, they review existing literature to ascertain system benefits and impacts with respect to traffic safety, congestion, and travel behaviors.

• Regarding safety, the authors inspect statistics published by the National Highway Traffic Safety Administration in 2008, to conclude that driver error is believed to be the main reason behind over 90% of all crashes. They further note that even when the critical reason behind a crash is attributed to the vehicle, roadway or environment, additional human factors such as inattention, distraction, or speeding are regularly found to have contributed to the crash occurrence and/or injury severity. Citing a 2011 report from Cambridge Systematics, they point out that the annual economic cost of crashes is $277 billion, double that of congestion. The authors conclude that while some analysis suggests that motor-vehicle fatality rates (per person-mile traveled) could eventually approach those seen in aviation and rail (about 1% of current rates), the rate at which human control is needed will be a substantial factor in the safety of these vehicles.

• With reference to congestion and traffic operations, the authors make a crucial distinction about congestion benefits. They note that congestion benefits could either arise from the capacity of AVs to anticipate other vehicles behavior, traffic signals etc., and as a result accelerate and brake in a manner that is very smooth or they could arise from safety benefits, as -citing a 2005 report from the Federal Highway Administration -the authors note that 25% of congestion is attributable to traffic incidents, around half of which are crashes. Inspecting various studies, the authors conclude that efficiency arising from the use of AVs is contingent upon a high percentage of AVs used in the share of the total number of cars.

• Concerning travel-behavior impacts, they anticipate more vehicle miles travelled arising, in part, from the safety and congestion-reducing impacts of AVs. They cite, as an example, the potential of AVs to provide mobility to groups that could previously not access it (ex. young children, old adults, or disabled individuals). They also note that parking patterns could change as AVs self-park in less-expensive areas, and that owing to the fact that AVs could serve multiple persons on demand, car-and ride-sharing programs could expand. They add a caveat: other problems related to high automobile use such as increased emissions, greater gasoline consumption and oil dependence, and higher obesity rates might be engendered. They use this information to estimate and monetize traveler benefits in the form of crash and congestion reduction as well as parking savings across multiple levels of market penetration. The analysis reflects not only autonomous capabilities for individual vehicles, but also increasingly connected and cooperative vehicles and infrastructure systems. This is depicted in figure 2.2 3 . In the second section, they investigate barriers to AV adoption and implementation, primarily from a consumer and regulatory standpoint, rather than technical feasibility, through analysis of the literature and in discussions with experts. In the final section they propose concrete policy recommendations to directly address potential barriers flagged in the second section [START_REF] Fagnant | [END_REF].

Third, in Autonomous Vehicle Technology: A Guide for Policymakers, Anderson and colleagues conduct a comprehensive literature review of the work on AV technologies and formally interview approximately 30 stakeholders -including automobile manufacturers; technology firms; communications providers; representatives from National Highway Traffic Safety Administration (NHTSA), state departments of transportation (DOTs), state departments of motor vehicles (DMVs), and others. They note that AV technology offers several benefits, notably that fewer vehicle crashes will result without driver error, that the mobility of the young, the elderly, and the disabled will be increased, that traffic flow could be more efficient and congestion decreased, that vehicle occupants could spend travel time engaged in other activities, so the costs of travel time and congestion are reduced, that fuel efficiency can be increased and alternative energy sources facilitated, and that because such vehicles won't need proximate urban parking, space used for parking could be repurposed. They mention also possible drawbacks; as the technology would decrease the cost of driving, congestion might increase, rather than decrease and that occupations and economies based on public transit, crash repair, and automobile insurance might suffer as the technology makes certain aspects of these occupations obsolete. They shed light on policy implications that include liability and regulation issues; namely that manufacturer liability is likely to increase while personal liability is likely to decrease, and that inconsistent regulation over different geographic regions poses a risk as it would be difficult for manufacturers to match them all; and that vehicle owners might not be able to cross geographical borders. They conclude by noting that further research should be conducted to better quantify the likely costs and benefits of the technology and, just as importantly, to whom they will accrue [START_REF] James M Anderson | Autonomous vehicle technology: A guide for policymakers[END_REF].

These short summaries of three large scale literature reviews/reports, aims to show that the literature converges. First, in the sense that the same themes -capabilities of AECS vehicles, implication of their adoption, and policy measures linked to their uptake -are addressed. Secondly, it converges as the literature shares a positive outlook on the introduction of AECS vehicles; the papers posit that their would be improvements pertaining to aspects of safety, congestion and accessibility. They note further that an increase in the vehicle miles travelled is expected, along with changing ownership paradigms. Lastly, the literature stresses on the importance of regulation through policy.

Conclusion

In this chapter, information about Autonomous, Electric, Connected and Shared vehicles is provided. First, a brief note on the history of the transmission of information is provided. From the development of the hardware (the Transistor) and the software (the Bit), the current state of information transmission is arrived at. Its far reaching implications are noted, from increasing computational powers of computers to the creation of the possibility of near instantaneous communication around the world. This development is central to the themes of this thesis, as it is what enabled the marriage of purely mechanical objects dealing with the transformation of energy into motion (as a motorised vehicle was initially conceived) to physical objects dealing with the transformation of energy into the manipulation of information (computing chips), engendering the development of Autonomous Vehicles.

Then, following a brief history of the development of autonomous vehicles, the current state of AECS vehicles is presented. The reasons to specifically refer to these vehicles as Autonomous, Electric, Connected and Shared and put forth. It is noted that not all vehicles are equally 'Autonomous' by presenting the SAE classification of vehicles based on levels of autonomy (0, Manual to 5, fully autonomous), along with various prototypes that have been developed.

Capabilities of AECS vehicles, pertaining to platooning, fuel efficiency, eco-driving, adaptive cruise control with queue assist, crash avoidance, lane keeping, lane changing, valet parking, traffic sign and signal identification, cyclist and pedestrian detection, and safe maneuvering at intersections are shared. Then, implications of AECS vehicles concerning safety, congestion, travel behaviour impacts, changes in VMT and vehicle ownership, energy consumption and emissions, land use etc. are presented. This is followed by the barriers to their implementation, notably those of cost, liability, security and privacy. Lastly, certain policy recommendations found in the literature are shared.

Chapter 3 AECS vehicles in last mile logistics: Opportunities, challenges; Research questions, methodology

The map is not the territory.

-Alfred Korzybski

This chapter has two aims.

First, it aims to shed light on the use of autonomous vehicles in logistics. Specifically, its aim is to describe the current state of the art pertaining to the use of autonomous vehicles in last mile logistics (though at the beginning, a few lines on the general use of autonomous vehicles in logistics are presented). To this end, these vehicles are described and various characteristics of these vehicles (the number of parcels they can carry; their range, in the case they are electric; the speed at which they move, etc.) and their use cases, are examined. Classifications of the various forms these vehicles can take are presented. The examples taken here are not exhaustive. There are probably various other AECS vehicles, used for LML, that are not contained in these pages. This is due to two reasons. Firstly, the field of AECS vehicles for LML is so aggressively dynamic, that keeping up with the extensive developments is very costly in terms of temporal and attentional resources. Secondly, and more importantly, this is due to the fact that understanding the diversity of AECS vehicles for UL is only a part of the puzzle, and it is such a part, that knowing only some examples of the set it belongs to, enable us to still satisfactorily answer the research questions1 of this doctoral endeavour.

The second aim of this chapter is to, through an epistemological exercise, inspect the central question of this thesis (hereafter referred to as The Question), 'What should Renault do?'2 , to determine which parts of it constitute the scope of this thesis, and to propose an appropriate methodology to respond to it. This aim, by orders of magnitude, is more important as it is the primary subject and contribution of this thesis. To be more precise, the second aim of this chapter is not to answer The Question, but to 1. deconstruct The Question, 2. determine which aspects of The Question -after deconstruction -will be addressed in this thesis (i.e. what is the scope of this thesis), and finally to 3. inspect ways that these aforementioned aspects of The Question might be answered.

The actual answering of these questions, is carried out in Part II of this thesis.

As output, this chapter demonstrates that innovative autonomous vehicles for UL vary widely in terms of characteristics, including, but not limited to, the shape and size of the vehicles. This can be seen as a natural consequence, as these vehicles are designed for use in UL, which is a heterogeneous industry. It also argues that these innovative solutions will only be adopted if they bring value. This requires the determination of what value means to whom, and how does this value depend on the characteristics of these innovation solutions. These outcomes of this chapter serve to set the stage for Part II of this thesis, in which the relevant characteristics of these innovative solutions, and the process they are used in (heterogeneous last mile logistics), are identified. This chapter also serves to highlight the need of undertaking field visits in order to identify these characteristics, as other data sources do not easily provide all the relevant information.

State of The Art of AECS Vehicles in Last Mile Logistics

The use of autonomous vehicles in logistics has attracted attention from the industry as well as academicians. Based on the available literature, it is difficult to argue that autonomous vehicles will not be both useful or used in logistics. [START_REF] Schoen | Categorisation of the main disruptive events in the sensitive products transportation supply chains[END_REF] while looking at the main disruptive events in the sensitive products supply chain, categorise the advent of automated vehicles in logistics as a significant disruptive event. With the deployment of automated vehicle fleets, there will be a corresponding need for managing and operating vehicles remotely. [START_REF] Gafert | Challenges for future automated logistics fleet interactions[END_REF] point out that with the deployment of automated vehicle fleets, there will be a corresponding need for managing and operating vehicles remotely. They introduce the challenges for the human interface of such future automated fleet management interactions, and propose key requirements for human interface characteristics for these novel systems, based on an analysis of the emerging operator workplace and digitization trends in the logistics domain. 

The Last Mile

A few lines, heavily adapted from [START_REF] Van Meldert | Introducing autonomous vehicles in logistics: a review from a broad perspective[END_REF]] are presented on the first three types. Then, the rest of the section is devoted to the subject of this thesis; autonomous vehicles in Last Mile Logistics.

AECS Vehicles in Indoor Logistics

The usage of AVs in indoor logistics settings is one of the most developed applications of AVs in practice. By indoor logistics settings, production plants, cross-docking stations, warehouses and distribution centres are referred to.

Here, material handling is a crucial activity, and also the physical environment is controlled and structured, creating an ideal environment for av)s to increase the efficiency of material handling. The term Automated Guided Vehicle (AGV) is used to refer to these vehicles. AGVs are described as "autonomous vehicles widely used to transport materials between workstations in flexible manufacturing systems and perform a variety of tasks that involve automation in industrial environments" ( [START_REF] Kalinovcic | Modified banker's algorithm for scheduling in multi-agv systems[END_REF] and [START_REF] Kelen | Comprehensive review of the dispatching, scheduling and routing of agvs[END_REF] as cited in [START_REF] Van Meldert | Introducing autonomous vehicles in logistics: a review from a broad perspective[END_REF]). AGVs have a long history of use in indoor logistics settings.

Barrett Electronics Corporation brought the first AGV, and generally the first practical application of vehicle automation, to the market in 1954. The vehicle, first used in a grocery warehouse, slid along an overhead wire whilst pulling a trailer much like a tow motor. In certain cases a similar technology in which the vehicle follows radio waves transmitted by a wire in the ground is still used, though now AGVs evolved to use guide tape technology in which coloured, reflective or magnetic tape is integrated into the infrastructure to guide the vehicles equipped with cameras, sensors or magnets in order to detect the tape. Other visual elements (1 or 2 dimensional barcodes) can be used in the infrastructure to guide AGVs. While useful in these circumstances, this generation of AGVs also have their fair share of disadvantages; since they can only be used on predefined paths, they have limited flexibility, and sometimes may get blocked after encountering an unexpected obstacle in their path, requiring human intervention. Now, however, AGVs equipped with vision guidance technology are available. They use depth cameras, lasers and other sensors to constantly monitor their environment, creating a 3D map used to navigate independently of preinstalled infrastructural elements ( [START_REF] Möller | A mobile indoor navigation system interface adapted to visionbased localization[END_REF] as cited in [START_REF] Van Meldert | Introducing autonomous vehicles in logistics: a review from a broad perspective[END_REF]). This generation of AGVs is thus truly autonomous, enabling a greater flexibility of use, leading to a tipping point in terms of ac-ceptability in the industry with increased usage by large manufacturers and distributors. This increased popularity is a product of the advantages offered by the alternatives which are human operators or conveyor belts, carousels and Automated Storage and Retrieval Systems (ASRS). Compared to human operators, AGVs are safer, productive, efficient and accurate. They also offer more flexibility when it comes to handling disparities in physical and mechanical characteristics of goods (size, shape, weight, volume etc). At the same time, they also adapt to new site layouts without the need of burdensome retrofitting, and cope well with changes in demand. Further, as AGV systems are generally modular, the system remains operative in case of maintenance/breakdown of one or several AGVs. AGVs thus achieve a middle ground between human operators and fixed transporters by striking a balance between efficiency, scalability and flexibility [START_REF] George Q Huang | Robotics in ecommerce logistics[END_REF].

AECS Vehicles in Controlled outdoor environments

A first step in bringing automated vehicles out of the security of controlled settings into the uncertain world of everyday traffic is applying AVs in private outdoor terrains such as harbours, airports and logistics courtyards. Certain private outdoor environments are better suited for the usage of AVs than public roads as there is less uncertainty and regulations, the liability issue is not as complex and an efficiency-driven corporate logic applies. Indeed, some AVs of various kinds are in use for material handling tasks in harbours and logistics yards. Material-handling performance is crucial for the competitiveness of harbours, airports and logistics yards. As airplanes and trucks only generate revenue when they are underway, turnaround times thus need to be minimised. Further, as goods cannot be used while being transported, their transportation needs to be completed efficiently []. AVs are not used yet in airports but in harbours, automation is the most important development trend when it comes to transportation equipment [START_REF] Héctor | Transport operations in container terminals: Literature overview, trends, research directions and classification scheme[END_REF] as cited in [START_REF] Van Meldert | Introducing autonomous vehicles in logistics: a review from a broad perspective[END_REF]). Here too AVs promise freedom from human error, offer high reliability and accuracy, allow the continuous monitoring of goods, vehicles, reduce vehicle wear, reduce fuel consumption and reduce labour costs (Demuth, 2012). An example of AGV usage in harbours can be found at the Container Terminal Altenwerder in Hamburg harbour; On the quay AGVs pick up or deliver containers that are loaded off or onto ships. A network of transponders embedded in the ground is used to guide the AGVs which travel up and down between the quay and intermediate storage areas. Here too, dispatching, scheduling and routing are essential and are in part managed by a central system coordinating the fleet of AGVs. The AGVs not only move forwards and backwards, but also sideways, making them extra agile. For an example of the use of AGVs in logistics yards, a German dairy producer, for example, uses automated trucks to drive up and down between its on-site warehouse and production building. The trucks drive at low speed (6km/h) with a driving precision of 2 cm, use laser scanners to monitor their environment and rely on transponders embedded in the infrastructure to navigate. Automated trucks are already heavily used in the mining industry. A famous case is the usage of autonomous trucks by Rio Tinto. The company currently operates 53 autonomous trucks across four mine sites, having more than 4 million kilometres on their odometer, and is planning to extend its fleet to 150 autonomous trucks. According to Rio Tinto, using AVs reduced costs and increased efficiency, but it also enhanced health, safety and environmental performance.

AECS Vehicles in Long-haul freight transport

Regarding the use of AVs for long haul freight transport (Autonomous Trucks), it is noted that there are some good reasons why AVs might first be used on public roads for long-haul trucking rather than for passenger transport or on smaller roads. First, the environment on highways is much more predictable and less complex than, for example, city streets. Second, the benefits of not needing a driver are especially large in the road freight industry, as in the US driver wages and benefits account for more than 30% of the total shipping costs [START_REF] Katherine | An analysis of the operational costs of trucking: 2011 update[END_REF] as cited in [START_REF] Van Meldert | Introducing autonomous vehicles in logistics: a review from a broad perspective[END_REF]) and there seems to be a constant struggle to find enough drivers for the trucking industry. Third, when platooning, fuel savings could reach almost 10%, an important figure as fuel costs account for more than 30% of total road freight costs. Indeed, several autonomous truck projects have been developed over the years, mostly focusing on platooning. They essentially are convoys of vehicles cooperatively driving together at very small distances from each other. The first vehicle takes the lead and the others just have to follow. To take a few examples ;

• The first European projects, PROMOTE CHAUFFEUR I II, worked on the necessary technology.

• The KONVOI project at the University of Aachen studied the impact as well as legal and economic implications of platooning ( [START_REF] Lank | Interaction of human, machine, and environment in automated driving systems[END_REF] as cited in [START_REF] Van Meldert | Introducing autonomous vehicles in logistics: a review from a broad perspective[END_REF]).

• the European Commission funded the SARTRE project that further developed and tested platooning systems ( [START_REF] Chan | Cooperative control of sartre automated platoon vehicles[END_REF] as cited in [START_REF] Van Meldert | Introducing autonomous vehicles in logistics: a review from a broad perspective[END_REF]).

• In Japan the Energy ITS project has similar objectives ( [START_REF] Tsugawa | Energy its; what we learned and what we should learn[END_REF] as cited in [Van Meldert and De Boeck, 2016])

• A follow-up project funded by the European Commission and led by Scania will specifically study the logistics and back-office supporting functions for platooning.

• Mercedes-Benz has also unveiled a concept autonomous truck, titled the Future Truck 2025.

AECS Vehicles in Last Mile Logistics

Interest in the use of AV in LML has been commensurate with technological developments in the field, and the steady strong growth of e-commerce. This is evident in the rising number of start-ups in the field, and the accompanying rise in investment in such start-ups. To take but a few examples, Nuro, founder in in the Silicon Valley in 2016, has raised over 1.5 billion dollars (USD) till date and has partnerships with Walmart and Ford [Nuro, 2021a]. Amazon, the e-commerce giant, published a blog post title 'Meet Scout' on the 23rd of January, 2019, in which it introduced a small delivery robot called Scout [START_REF] Scott | Meet scout[END_REF]. LMAD, unimaginatively short for 'Last Mile Autonomous Delivery' is a partnership between logistics firm DB Schenker and technology company GIM Robotics that is experimenting with a autonomous locker in Helsinki, Finland, from June to August/September 2021 [LMAD, 2021]. Arguably, the most important reason for this interest is the value generated through automation -the surplus resulting from the wages that previously had to be paid to the driver can now be shared between the logistics provider and the end customer. In theory, the end customer gets cheaper deliveries, and the logistics provider can claim a larger profit margin.

There have been numerous start-ups, with billions of dollars of funding in this field. Academic literature on this subject is sparse. This is, in part, due to these vehicles being a recent development. Some of these studies are inspected below.

[ [START_REF] Sonneberg | Autonomous unmanned ground vehicles for urban logistics: Optimization of last mile delivery operations[END_REF] propose an optimisation model to minimize the delivery costs of urban shipments using autonomous unmanned ground vehicles. The present a developed Location Routing Problem, which provides decision support for parcel service providers, city authorities, and other relevant decision makers.

[ [START_REF] Buldeo Rai | Autonomous ecommerce delivery in ordinary and exceptional circumstances. the french case[END_REF] structure the different types of autonomous e-commerce delivery vehicles in development and deployment in France. They create scenarios and discusses their state of practice and potential in ordinary as well as in exceptional circumstances. [START_REF] Figliozzi | Autonomous delivery robots and their potential impacts on urban freight energy consumption and emissions[END_REF] and [Figliozzi and Tipagornwong, 2017] discuss the cost competitiveness of autonomous vehicles for last mile deliveries. This is very close to the themes of this thesis, and the extensions proposed to this study are discussed in Subsection 5.2.1.

Motivated by a lack of systematic research on Automated Micro Vehicles (AMV) used for urban logistics, [START_REF] Baum | State of the artautomated micro-vehicles for urban logistics[END_REF]] create a review of AMVs for urban goods movements; provide an overview on applications, manufactures, vehicle concepts, and the corresponding level of development; and give insights in the state-of-the-art of built-in technology and vehicle performance. They define AMV as vehicles which can theoretically be assigned to the European vehicle category L (2 wheels, 3 wheels or 4 wheels to a speed of 45kph and 400kg tare weight) or below. They also refer to vehicles that drive automated on non-roads but need a human as reference for finding their position or need to be remote-controlled as robots or autonomous vehicles. They indicate that AMVs do not drive faster than 45 kph and can be monitored or remote controlled by people without driving license. 3 Based on recent logistics relate studies, reports, papers, company websites and communication channels, they classify 39 AMVs for urban logistics with varying levels of development statutes, into 6 categories (Figure 3.1) Delivery robots on roads (DR-road); delivery robot without human reference on non-roads (DR-WH); delivery robot following humans for reference on non-roads (DR-follow); automated bicycles without human reference on non-roads (AB-WH); automated bicycles following for reference on non-roads (AB-follow) and automated bicycles on roads (AB-road). conclude that these vehicles may hit the streets soon and need to be integrated into discussions and legislative considerations on AVs. Source [START_REF] Baum | State of the artautomated micro-vehicles for urban logistics[END_REF] For this thesis, a different classification is adopted. This is inspired by the work for Jerome Liebendskein under contract for Renault. 4 AECS vehicles used for last mile deliveries are categorized as follows;

1. Single Delivery Bots: As the name suggests, these bots have a carrying capacity of a single parcel, intended for one delivery. They can cater to very fragmented delivery segments; namely meals or small daily purchases. Examples include FedEx, Starship, and Amazon (Figure 3. Non Wheeled/Humanoid Bots: This category, arguably, cannot be called a 'vehicle' as the term has been previously in this thesis and more generally in the world of automobile (in that a vehicle has wheels). This is perhaps the most striking aspect of this category, that it can only be considered a vehicle in the strict sense of the word (a means of carrying or transporting something according to the online dictionary Merriam Webster). These bots generally resemble a human exoskeleton, they have physical structures that resemble a human torso and its limbs. These bots are designed specifically for the last meters of the last mile; i.e. their specific form enables them to deal with uneven surfaces well, mount sidewalks, and most importantly climb stairs, enabling them to enter apartments and deliver at the door. An example is that of Ford's Digit (Figure 3.7); a joint venture between Ford and Agility Robotics it is designed to "Carry out that final step of getting your delivery from the car to your door".

As the examples suggest, there has been substantial investments and technological advances corresponding to these vehicles. As with conventional vehicles, different AECS vehicles have different operational characteristics: they vary in terms of how much they cost, how much distance they can travel on a single charge (autonomy), how fast they can move, and -among potentially other things -how much weight/volume they can carry (their weight/volume capacity). Further, compared to conventional vehicles, the variety of options is, at this stage, huge. However, these vehicles are generally smaller, slower and costlier. Owing to these differences, their utility in the given operating context, and with respect to the available alternatives, is not immediately apparent. For single and multiple delivery bots, the problems lie in the fact that they do not address the last meters of the last mile, and that their very limited carrying capacity implies that a large Figure 3.4: Amazon's Scout. Source [START_REF] Scott | Meet scout[END_REF] scale deployment of these vehicles would create various issues linked to congestion. Consider the case of multiple delivery bots; while it is true that their carrying capacity is many times that of a single delivery bot, they still fall largely short or conventional vehicles, which can accommodate between 120-150 parcels for delivery. Owing to the packing efficiency accompanying lockers (a large part of the space is empty, sometimes as much as 80%), it is unlikely that they can be designed to accommodate upto 150 parcels (without them being extremely large). Examining non wheeled/humanoid bots, the problem is at once apparent; while this design might be able to handle the last meters, it is unable to handle the last mile(s). The issues linked to delivery by these autonomous vehicles are presented (non-exhaustively) to convey that these vehicles are not a magic solution; rather their utility -at least at this stage of development -is severely limited. Thus, these vehicles promise equivalent or improved utility (as compared to conventional vehicles) in only a subset of constraints imposed by the context of urban deliveries. Indeed, the identification of this subset of constraints (or a form of these Figure 3.5: Nuro's Delivery Bot the R2. Source [Nuro, 2021a] constraints, which may have been relaxed, or otherwise modified5 ) is the aim of this thesis.

The use of electric vehicles in LML

While studies on AECS vehicles are limited, there have been a few studies on electric vehicles and their adaptability to uses in logistics. In Electric Freight Vehicles for Urban Logistics, Yong and colleagues summarize the lessons learned from using electric freight vehicles for urban freight transport in three dimensions using data from a european project, finding that electric freight vehicles are technically and operationally suitable for inner city freight operations, offering favorable Total Cost of Ownership (TCO) comparison in certain cases, and some significant air quality benefits. They Figure 3.6: The LMAD Project. Source [LMAD, 2021] recommend localized legislation to encourage uptake of ELCV's [START_REF] Yong | Electric freight vehicles for urban logistics-technical performance, economics feasibility and environmental impacts[END_REF]. [START_REF] Gnann | What drives the market for plug-in electric vehicles?-a review of international pev market diffusion models[END_REF] compare 40 market diffusion models for PEVs in their scope, approach and findings to point out similarities or differences and make recommendations for future improvements in modeling in this field. They find that while market shares cannot be exactly predicted, models do help to understand what influences market diffusion (drivers and barriers). [START_REF] Figenbaum | Can battery electric light commercial vehicles work for craftsmen and service enterprises?[END_REF] investigates whether battery electric vehicles could work for craftsmen and service enterprises in Norway by logging the driving pattern of 115 vehicles from 7 different enterprise over 2 weeks. He found that 42% of diesel Light Commercial Vehicles could be replaceable by batteryelectric Light Commercial Vehicles with a range of 170 km, and if all year range increases to 200 km, then almost all vehicles are potentially replace-Figure 3.7: Ford's Digit. Source [START_REF] Dearborn | Meet digit: A smart little robot that could change the way self-driving cars make deliveries[END_REF] able. He also notes that while purchase incentives are required to unlock the potential, they may not produce large effects until the range improves.

Other pertinent comments

There are some areas where the impact of the transition to AECS is more pertinent than others. For example, regarding vehicle usage, various changes are forecast. [START_REF] Medina-Tapia | Implementation of connected and autonomous vehicles in cities could have neutral effects on the total travel time costs: modeling and analysis for a circular city[END_REF] show that, with the implementation of autonomous vehicles, number of Vehicle Kilometers Travelled might increase along with hours utilized/day. This is due to various factors including induced demand and searching for parking. While admittedly these predictions are for passenger mobility, it has implications for logistics. These trends may increase vehicle wear and tear. Thus, OEM's may propose differently designed vehicles along with a service component.

It is also worth noting that many actors are experimenting with multimodal urban-logistic delivery. Recent examples include efforts by Daimler to integrate an LCV with a drone launching platform; the LCV transports good from the warehouse to an algorithmically preordained 'hub', from where drones do the last-last mile. Amazon Prime Air, a concept under development by Amazon, aims to use Vertical Take-off and Landing (VTOL) drones to fulfill the last mile, under 30 minutes. There are various other potential scenarios, all which need further research and financial analysis to determine cost competitiveness.

It is also important to distinguish between various kinds of LCV users to be able to envision the changes, as the diversity of uses of LCV's leads to the vehicle being used in considerably different ways. Take the case of mobile workers, which represent about 25% of the active population. These mobile workers may displace themselves due to their primary activity or their secondary activity. Mobile workers of the first kind -different from those that are transport professionals (ex. Driver, conductor, couriers etc.) -undertake displacement as a core part of their job (ex. Sales). Mobile workers of the second kind include plumbers, elevator technicians etc [START_REF] James | Professionnels mobiles dans le trafic urbain -PMTU : Enquêtes pour une meilleure connaissance et une approche quantifiée de l'impact de la mobilité des professionnels sur le trafic routier en ville -Quelle contribution à la pollution de l'air ?[END_REF]. Some of these activities are more amenable to automation than others, but more research is needed to determine the enabling conditions. Freight is an activity with the most potential for disruption due to automation as the component of services offered by the conductor (apart from driving) can be -relatively -easily automated. Indeed, various companies continue experimentation of various alternatives. Apart from companies such as Waymo which are working on automation of personnel transport, other companies are working specially on delivering freight. As mentioned earlier, Nuro a start-up based in Arizona recently raised almost a billion dollars for their local goods delivery vehicle [START_REF] Nuro | Frequently asked questions[END_REF]. Mercedes has successfully demonstrated a service which integrates a drone and an autonomous LCV to deliver small parcels [Benz, 2019]. Renault, under the aegis of CityPod, has been working on a modular autonomous vehicle, with similar loading volumes as an LCV.

The effects on automation on LCV's are especially relevant as occupational vehicle accidents have been demonstrated as the leading cause of work-related traumatic injury and death in the US, UK, France and Australia. Work drivers are often subjected to larger than usual fatigue due to lack of control over scheduling and work pressure. Occupational Light Vehicle users travel greater distances annually than the wider general driving population, using more built-up roads than heavy vehicle drivers. As workdrivers they generally do not choose when and where they drive, therefore being exposed to a wide range of weather and other environmental conditions [START_REF] Stuckey | Working in light vehicles-a review and conceptual model for occupational health and safety[END_REF].

In the previous chapters, urban logistics, last mile logistics and urban deliveries -or the context in which these vehicles function -have been examined in detail. In this section, the use of Autonomous, Electric, Connected and Shared vehicles in logistics is described. Special attention has been accorded to the use of AECS vehicles in Last Mile Logistics; various examples and classifications of these vehicles are presented. Following this description of the context, in the next section, the questions that this thesis deals and the methodology used to answer these are detailed.

Research Questions and Proposed Methodology

As mentioned earlier, The Question, from which this thesis stems, in its complete form is "Faced with the new technology of AECS vehicles and their potential use in Urban Logistics, notably in the Last Mile, which threatens the sale of their Light Commercial Vehicles, what should be the strategic response of Groupe Renault". In this section;

1. The Question is dissected.

2. Which aspects of The Question -after dissection -will be addressed in this thesis (i.e. what is the scope of this thesis) is determined, and finally 3. Ways that these aforementioned aspects of The Question might be answered are inspected.

Dissecting The Question

Inspecting the question, "Faced with the new technology of AECS vehicles and its potential use in Urban Logistics, notably in the Last Mile, which threatens the sales of their Light Commercial Vehicles, what should be the strategic response of Groupe Renault", we can decompose it as;

• What is meant by the strategic response of Groupe Renault?

• How will sales of their LCV's be threatened?

The strategic response of Renault can take various forms. For example, it could involve • Exchanging capital reserves for technical know-how and producing capabilities of AECS vehicles of a particular type. This could involve spending in house R&D budget on these vehicles, to develop in house.

acquiring a firm (or firms) which makes these kinds of vehicles, a mix of the two above; for example, acquiring a tech company specializing in self-driving technology, and doing the hardware R&D in house.

• subsidizing, making cheaper, or otherwise better, their current offer of LCV's

• making their vehicles available to customers via different financing schemes (ex. leasing rather than selling)

• using existing resources to strengthen position in the LML industry (ex. converting existing showrooms to warehouses)

• becoming a service provider and provide Logistics as a Service (LaaS) or Mobility as a Service (MaaS) -i.e. providing a one stop solution for logistics providers which includes both the relevant informational infrastructure (a platform) and the physical infrastructure (the vehicles).

• studying the competition and their responses, and then making its own response (To take a hypothetical example, let's consider that Renault, Peugeot and Citroen collude to influence policy that prohibits the entrance of firms like Nuro, which are technologically far ahead.)

Regarding how the sales of the sales of LCV's may be threatened, it can be argued that given the same operating context, AECS vehicles must provide an incentive over current LCV's in LML for adoption (or provide exactly the same benefits, in case the buyer of LCV's in indifferent). Let's take the example of a level 5 AECS vehicle that offers similar weight, volume, and range capacity, as a conventional LCV. If it is priced similarly, has a similar useful life and resale value, then it will probably provide a strong economic incentive in a LMD scenario, stemming from (in part) the fact that the a driver is not needed, which substantially improves competitiveness. It might also be that owing to an electric drive train, everything else the same, AECS vehicles might provide an environmental incentive, and thus will be adopted. These two straightforward examples aim to demonstrate the question of adoption of, and the value provided by AECS vehicles in a LML context is multivariate.

Which aspects of The Question comprise the scope of this thesis?

The basis of a strategic response, arguably, rests on the assumption that this new technology poses a threat to the old technology. If this new technology offers no advantages in any use case, then the strategic response is clear; there is no response.

The distinction between the strategic question and the research question

At this stage, a crucial distinction is presented to the reader. The Question is comprised of two questions; the first is the strategic question of what should Groupe Renault should do. The second question, as mentioned above, is whether there is a need for a strategic response -in other words, should it do something? This second question is the research question of this doctoral endeavor.

The scope of this doctoral endeavour

Thus, this thesis attempts to respond to whether AECS vehicles provide value for LCV customers. More specifically, this thesis aims to determine whether the use of AECS vehicles for Last Mile Deliveries may bring value.

If their use may bring value, these vehicles -instead of LCVs -will be chosen by customer. The strategic question of what Groupe Renault should do is outside the scope of this thesis. However, as is evident, the response to the strategic question is conditional on the response to the research question.

Here, 'value', in the context of the substitution of an old technology by a new technology refers to either the use of fewer resources by the new technology as compared to the old technology to generate the same result, or the generation of a better result by the new technology with the use of the same resources used by the old technology.

How is the research question answered?

This question of whether the use of AVs for LMDs adds value is answered through the development of a microeconomic model.

This model enables comparison of the cost per delivery between different vehicle technologies while taking into account the various and relevant operational constraints. If a specific vehicle offers the least cost per delivery under given circumstances, its used will be preferred.

The following is important to note about models;

• A model, when being developed to represent real world phenomena, faces the following hindrance. One must determine which aspect of an observed phenomenon (or of a collection of observed phenomena), is, in the context of the aims of the modeller, relevant to model. In other words, there is difficulty in identifying which is the correct parameter to model. The difficulty stems from the fact that it is difficult to gauge usefulness. Usefulness is not apparent at the first glance. Usefulness must be determined: Who is the model useful to? Why is it useful to him/her/them? How is it useful to them?

In the case of this thesis, the model aims to answer a questions about if the introduction of a new asset (autonomous vehicles) in the existing process of last mile deliveries may add value. This value is represented in financial terms (in euro amounts, more precisely), from the perspective of the carrier (the firm or individual who purchases vehicles to accomplish deliveries), but accounting for the impacts on the final customers (they who receive the deliveries). The value is represented in terms of euro amount, as this aspect of assets provides a foundation to compare not just different assets of the same class (ex. different vehicles) but also provides a common language to represent interactions between different asset classes (ex. warehouses, vehicles, personnel).

• As noted in the quote in the beginning of this chapter, all models are wrong. This is due to the fact that no simple model can accurately represent reality. It can only provide an approximation. However, we also note that some models are useful. The utility of a model stems from the fact that it is much simpler to understand, or more amenable to the application of analytical techniques, than that which it models. 6In the process of simplification, however, detail is lost. It should also be noted that that a model that represents reality with complete accuracy, is as complex as reality itself, thereby losing its utility. Thus the act of creating a model is the archetypal 'optimisation problem'. On one hand, the model should accurately represent reality (be useful), on the other, it should be simple enough (it should be wrong).

The model that is developed in this thesis is a simple representation of an intricate process. Using a number of variables and some rather straightforward mathematics, various costs linked to the process of last mile deliveries are made to interact coherently. In this transformation -from real to abstract -detail is lost. The model has a number of limitations that are discussed in Chapter 6. However, this imperfect model does permit a satisfactory response to the research question of this thesis.

In the case of this thesis, we first frame The Question. Then, we deconstruct it. Then, we determine which aspects of it are relevant, and comprise the scope of this thesis (as noted above, this is the research question). This identification, is the first step of our modelling exercise -we determine which part of The Question is relevant. Then, following this identification, how to appropriately respond to this question is determined... it is, by developing a microeconomic model of costs.

The modus operandi, to this end, was straightforward. In order to identify the variables that comprise the model, three data sources were used.

• First, the academic literature was reviewed. Numerous papers and books on the subject of Urban Logistics, Last Mile Logistics, Autonomous Vehicles, Autonomous Vehicles in Urban Logistics were closely examined. Fundamental parameters and concepts (such as Total Cost of Operation analysis) were gathered.

• Secondly, information from knowledgeable people was gathered. These people were academicians, professionals in the field, students, and policy makers. Access to such a wide variety of individuals was made possible through the laboratory (The Production Systems, Logistics, Transport Organization and Work Laboratory at the French Institute of the Science and Technology of Transport, Development and Networks), the employer (Groupe Renault) and various conferences/events that the author participated in. While some of this data collected was through formal interviews, much of it was through informal discussions. This information contributed to a more nuanced understanding of the issues; opinions of experts added vividness and complexity, to a theoretical understanding that was developed through studying the literature.

• Lastly, and perhaps most importantly, real world operational information was collected through a number of field visits. This source of data was the richest and arguably the most difficult to come by. Most of these visit were carried out in France, and one, in India (more were scheduled, but, unfortunately, did not come to fruition due to the second wave of COVID-19 during April-May, 2021). Most of these visits were carried out under Non-Disclosure agreements. Thus, no identifying information can be shared. However, relevant characteristics like market size, turnover, etc. of the enterprises involved are invoked later.

As this was a process of directly observing reality itself, and contributed in a profound and critical manner to the development of the model.

To sum up,

1. the research question for this thesis is; Can the use of AECS vehicles for LMDs add value? If yes,

• For whom does it add value?

• How/Why does it add value?

• What is the magnitude of this value?

2. this question is inspected using data from;

• Academic Sources and professional reports

• Interviews

• Field Visits 3. to respond to this question, this data is used to create a mathematical model which, using as inputs various parameters linked to type of vehicle used and characteristics of the last mile, has as an output that quantifies an incentive.

Conclusion

This chapter has two aims, and is divided into two corresponding sections.

1. To present information describing the state of the art of autonomous vehicles in last mile logistics 2. To present the research questions and methodology of this thesis.

In the first section, the first aim of providing a state of the art of autonomous vehicles in urban logistics is addressed. To this end, a mixture of academic studies, technical literature and some use cases coupled with various news items are presented. The few academic studies presented show that the use of autonomous vehicles in urban logistics is an issue that has implications for logistic providers, their customers, and policy makers. The corporate report, use cases and news items make it clear that autonomous vehicles that have been specifically designed for use is Urban Logistics are already here, and are indeed used in some specific circumstances. These facts makes it unambiguous that, at least in some parts of the world, companies (both producers and users of autonomous vehicles for urban logistics) and policy makers have taken the first steps. Further, that from a purely technological point of view, these vehicles, at least in some specific circumstances, are able to successfully respond to the operations constraints of delivery in an urban context. The technological possibility and trials in certain circumstances around the world stress also the need for an in depth examination of this issue, and further serve to justify the subject choice of this thesis.

The second section of this chapter intends to respond to the how of AECS vehicles in urban logistics. This section contains the research questions and the proposed methodology to respond to these research questions. In this section, steps regarding how research questions were chosen, decisions regarding why they were chosen, and the data sources used to answer them are presented and justified. In brief, it is decided to examine the incentives the use of autonomous vehicles in urban logistics might provide. More concretely, the aim of this thesis is defined as creating a model of these incentives. It is also made explicit that the incentives can be different and sometimes incompatible for different actors in the value chain (to take a simple example, city planners' primary incentive is the reduction of the negative externalities caused by urban logistics, while the logistics providers primary incentive is a profit maximization.), and that this is an aspect that would be explicitly considered in the model. Finally, the sources of data used and the process of collection of data are described and justified. Data is collected from academic articles, through interviews with knowledgeable people, and through field visits.

"You have to learn the rules of the game, and then you have to play better than anyone else."

-Albert Einstein

Part II

The Rules of the Game: Data and Modelling

Chapter 4

Last mile deliveries as understood through interviews with professionals and field visits of logistics firms During the course of this PhD, substantial energies were directed towards

• observing and, if possible, even actively participating in the activity of Urban Deliveries, and

• arranging meetings with professionals working in the field to discuss on the subject of vehicle choice and their opinion on the potential use of autonomous vehicles in LML.

The act of observing/participating in these activities is, for the purposes of this manuscript, referred to as field research. An individual activity of this sort is referred to as a field visit or an interview. In the domain of Urban Logistics, studies involving field visits of logistic facilities are not common, as these visits are generally difficult to obtain. At the same time, these visits are crucial as they shed light on the operating context of vehicles; knowledge essential to respond to the question this thesis attempts to address.

In this chapter, first, motivations to carry out these visits/interviews and the challenges associated with obtaining them are briefly described. While describing the motivations, the topic of cost is introduced; i.e. it is put forth that the operational context is examined through the lens of the costs incurred by the firm linked to various aspects of its activities. This approach is then briefly justified. Secondly, interviews carried out are listed and the activity of logistics firms, along with the operating context, are expounded. This endeavour of undertaking field visits and interviews contributes in the following manner;

1. Detailed operational context related to each of these visits is presented.

Through this, generalities of the operating context, across firms, are deduced. This provides a list of variables which forms the basis of the model which is described in the next chapter.

2. An incomplete but useful snapshot of the diversity of LML is obtained through the field visits and interviews. This is used to inform the creation of a demand segmentation.

3. Interviews, field visits and participation in deliveries enabled a nuanced understanding of the role of the driver/deliverer in the delivery process. This is particularly crucial as in AECS vehicles, the responsibilities of the driver/deliverer are passed on to the vehicle/final customer. The role played by the driver/deliverer and its implications for autonomous delivery are detailed.

This chapter sets the stage for the modelling exercise carried out in the next chapter. 

Motivations

To determine if a new technology/process may be used instead of an existing technology/process in a given operating context, it is essential to intimately understand the operating context and the role that the technology/process in question plays in it. Following this understanding, the question of substitution can be raised. It should also be noted, however, that a new technology may enable the operating context to be otherwise organised thereby changing it. For an example analogous to the shift from conventional vehicles to autonomous vehicles in urban deliveries, consider the advent of digital photography. The ripples of the consequences of the move from film to digital media were felt by actors across the value chain; thousands of stores whose primary source of revenue was the development of exposed film shut down (or switched to digital-friendly business models like those of printing digital images), customers who once periodically consumed film now bought memory cards with much less frequency, manufacturers entered an arms race to produce sensors with consistently higher resolution.

In the context of this thesis, the new technology is vehicles that drive themselves (AV's) while the old technology is Conventional Vehicle. The operating context is the use of these vehicles by a logistics firm for urban deliveries -which is subject to change. Aspects of this have been detailed in Section 3.2.1. Thus, the motivation of undertaking field research was to develop a deep, robust, and contemporary understanding of the operating context in which CV's are presently used in order to understand if and how -in the near future -AV's may fit in. Thus, efforts were made to observe/participate in the activities of logistics firms and discuss with individuals working in this domain.

The operating context is composed of various components. For the activity of urban deliveries, examples of these components include vehicles, real estate, personnel. In the operating context, each of these components plays a determined role. Vehicles are used, for example, to primarily transport goods to and from clients. These components interact with each other in an elaborate sequence to make possible urban deliveries; as an example, consider that the vehicle must be loaded with goods before leaving the warehouse in direction of the client, as filling it with the relevant goods after will not enable deliveries. This sequence is referred to as the operational process. While examining the operational context, attention is placed on two aspects.

• First, efforts are made to develop an understanding of the role payed by any given component of the operating context in the operating process. For example, what all are the duties accomplished by the driver/deliverer? Are these limited to exclusively completing the last mile or does he also play a role in the movement of goods in the warehouse? On a given day, when does he first make contact with the vehicle? Does he undertake one delivery round per day, or does he do multiple? This kind of understanding is important in order to be able to conceptualise how -in this operating context -autonomous vehicles might fit in.

• Secondly, the costs associated with any given component are examined.

Developing further on the case of the driver; what are the costs associated to him that are incurred by the logistics firm? This kind of analysis enables the construction of a comprehensive cost model. Through further mathematical manipulation, the cost per delivery, using a certain kind of vehicle in an operating context with certain parameters, can be arrived at. This enables the comparison of different vehicles.

Taken as a whole, the attempt is to describe the process as a sum of its various facets. Then, summing the costs associated with various facets, arrive at cost indicators linked to this specific operating context. To arrive at the total cost -in euro amount -of delivering parcels using any vehicle choice, is taken as the focus as this exercise. While comparing vehicle ownership, the cost is indeed seen as the number one determinant of vehicle choice from the perspective of a fleet manager [START_REF] Nesbitt | Fleet purchase behavior: decision processes and implications for new vehicle technologies and fuels[END_REF]. Also, last mile deliveries are heterogeneous. For example, parcels are of different size/weight, lead time requirements are different for different customers, delivery destinations could be either a final customer or a business, deliveries could be destined also for a remote locker. This diversity has wide ranging implications for the kind of vehicles used. As an example, consider that a logistic firm delivers groceries; this firm is required to have refrigerated vehicles. This also has a direct implication of the operational context. Consider a firm delivering to businesses (B2B delivery). The average parcel size and weight in this segment necessitates specific handling equipment (pallet jacks) and a larger vehicle, of which the loading takes a generally longer time, compared to other market segments. Indeed, even the deliveries, owing to the requirement of more advanced handling, take a longer time, compared to delivering small and light parcels.

In the opinion of the author, this understanding is difficult to gain through activities other than field visits. Consider, for example, the hypothetical option of creating and mailing a survey to some firm owners; first, one must know what are the right questions to ask, but without (or with incomplete) knowledge of the operating context, these questions are difficult to determine, and secondly, a lot of the information gained was due a certain rapport that was developed between the interviewer and the author, which translated into trust, which translated into the sharing of pertinent info, which would'veprobably -been not forthcoming using a method such as a survey. It is also evident that if there is a need to observe a process, then it cannot be done with a survey. Lastly, interviews/discussions with individuals working in the domain of LML was sought in order to receive a clear, functional understanding of the workings of a LML firm. This field research shed invaluable light of the diverse nature of last mile logistics, thus engendering an understanding of the domain of LML and giving the author the tools to respond to the question of the potential use of autonomous vehicles within it.

Challenges

For a researcher in the field of Urban Logistics, field visits are notoriously difficult to obtain. This is due to various reasons. Firstly, due to their contents (high-value merchandise), logistic facilities are generally well secured. With tightly controlled access, there exists also continuous real time high definition video surveillance. It is nearly impossible to simply walk in to learn about the functioning. Thus, access must be requested. All logistic facilities that were visited in the scope of this PhD were registered, legitimate businesses, often a part of a larger umbrella organisation. Visits had to be requested. As these visits are not an intended aspect of the business, finding individuals in the organisational structure, who would simultaneously understand the nature of the request and have enough decision power/influence to accord this request, was difficult. Secondly, the incentives from these visits were asymmetrically distributed. While, for a researcher these visits were a trove of invaluable information, for a logistics firm there is little or nothing to be gained. Further, the presence of a researcher can be considered a hindrance to the operations of the logistics firm. Indeed, on at least one occasion while requesting a firm for a visit, this was bluntly stated to the author.

In total, 5 visits were carried out. Four of these were in the Ile de France region in France, and one of these was in the National Capital Region of India. With one exception, these visits were carried out by proposing to share/present the results of this PhD in exchange for access to these facilities. This provided a form of incentive. In two instances, these visits were undertaken after signing Non Disclosure Agreements between the logistics company and Renault. The signing of these agreements was a tedious, long drawn affair implicating the legal departments of both organisations. Two other visits were obtained through personal contacts. Out of these, one was obtained through a second degree connection -the author knew someone, who knew someone who could organise or otherwise facilitate a visit. The second of these visits was through a third degree connections. The last of these visits was carried out by simply reaching out to the organisation and obtaining a written agreement from upper management.

Meetings with professionals from the field were relatively easier to obtain; this was facilitated by the author's own professional credentials.

Below, the interviews carried out are listed and the visits are detailed.

Interviews

Through the course of this PhD, over 20 interviews with professionals and academics working in the domain of LML were conducted. These were obtained in diverse manners. Some were sought by e-mail and/or the use of the professional social network LinkedIn. Some individuals who were encountered at academic, professional or governmental meetings were recontacted at another occasion. A few of these were obtained through the personal network of the author. And finally, about half of these were obtained through conducting the visits on the field. A complete list of these interviews is shared below. At this point, it can be noted that first, due to Non Disclosure Agreements that have been signed between some of these firms and Groupe Renault, names of these firms and employees are not shared. Some other names, outside NDA, are not shared at request of the interviewee. Some names of employees and organisations, that are not constrained by these NDAs are shared. Secondly, all these interviews were open and unstructured. The questions asked and the subject of discussion varied greatly. This was due to two factors;

• First, as these meetings were carried out with individuals playing different roles in LML operations, the questions asked were varied to cater to the specific role of the interviewee.

• Secondly, as these interviews were carried out at different stages of the PhD, different information was sought.

In general, the questioning centered around daily operations, operational challenges, changes expected/desired in these operations, and often, professional views on the potential use of autonomous vehicles in LML.

An an example consider the difference in the interview conducted with Louis Morasse (Head of LCV design at Renault) and Individual 12 (an engineer at the costing service at La Poste, the french postal agency).

• The discussion with Mr. Morasse was carried out in the beginning of the PhD, and thus centered around broad themes regarding the use of autonomous vehicles in LML. Mr. Morasse was the design lead of the EZ-Pro autonomous delivery concept car; thus specific attention was placed on his understanding of autonomous deliveries. His vision on the role played by autonomous vehicles was requested; information received centered around the role of service, the integration into the city, the demand of customers, etc.

• In contrast, with Individual 12, the discussion centered around various metrics La Poste uses to determine cost per delivery. As this interview was near the end of the PhD, at a time when the authors model was well advanced, this meeting was extremely specific. Information about the kind of models used by La Poste was gathered. Various outputs (final cost per delivery figures) were compared in order to determine the validity of the outputs from the model developed by the author. This individual was not concerned at all by the potential of autonomous vehicles, thus questions about their potential use in LML were not asked.

Consider also interviews carried out with employees of firm 3. Due to prior arrangement (and generosity on the part of the employees of this firm), various interviews with a number of employees making key strategic decisions about the different facets of the output of this firm were organised and carried out. This enabled a more detailed understanding of the activities, strengths, challenges of this LML firm.

As notable from the table above, most of these interviews/meetings were carried out with professionals, and some of them with academics. This enabled a broad understanding of the activity of LML in logistics firms. Below, further information is shed on the nature of activities carried out in these firms.

Visits

Below, detailed accounts of the operational context observed/participated in during each visit is provided. These accounts are provided in first person and in past tense as they recount past events which were experienced first hand. Also, these visits are presented in past tense.

Firm 1

This visit was carried out at a large food market. It deals primarily in fresh produce; a variety of fruits, vegetables, meats and flowers are sold here from around the world. This markets peak operation hours were between 02h00 and 04h00. This visit was carried out over two days; in both instances, I arrived close after midnight and left the premises close to 06h00.

The logistics activity in this market displayed the following particularities;

• The economic enterprise here was centered around the fresh food product; while in logistics firms, the core activity is the movement of goods, in this market, the core activity was the resale -rather the retail -of the goods that were purchased here. Thus, vehicles were used here simply as a to displace the merchandise, with the resale of the latter being the pillar of this economic enterprise.

• Since the products that were being sold here were fresh; their availability and quality was changing everyday. This was as true for the sale of fresh fish -which depended on the catch of the day before -as it was for the sale of vegetables and fruits, which were susceptible to varying pressures of supply and demand. The buyers had very specific requirements and preferences, demanding that the purchasing action be made once the product had been physically inspected.

• A large part of these purchases were carried out by individuals or small firms, who disposed of their own vehicles. These vehicles were light commercial vehicles, and often had some modifications done in the interior, or otherwise disposed of custom constructed good carrying equipment. As an example, fish sellers had specifically constructed racks that at once corresponded to the size of the interior of their vehicle, had racks of a specific size to accommodate Styrofoam packages of fish, and were amenable to easy loading and unloading to and from the vehicle.

The central question of this thesis revolves around the substitution of conventional vehicles by autonomous vehicles. Arguably the most (economically) advantageous aspect of this substitution is the cost savings encountered through the removal of the human driver. As mentioned above, in this market, the buyer needs to physically inspect the merchandise before each purchase; if the buyer does need to displace himself for this inspection (which is typically done in the same vehicle which carries goods), it can argued that it is difficult to envision how this activity may be carried out by an autonomous vehicle. Given the particular nature of this activity, and also information obtained through informal conversations with various buyers/sellers, it appears that a number of these transactions include repeated interactions between the same buyer and seller. One would consider that owing to these repeated interactions, certain reputation effects may influence these interactions. Deferred payment for the merchandise can be considered an example. This gives rise to the question of whether these reputation effects could be enough to substitute for physical inspection of the merchandise before purchase. In case yes, the use of autonomous vehicles may be considered a possibility. This might even enable clubbing of orders; orders can be taken by the phone or any depersonalised channel of information transmission, and could be delivered to various resellers in a single round. This needs further research.

Firm 2

Here, the operational process observed at Firm 2 is described. Firm 2 carries out LTL deliveries. Shipments are picked up at senders all around the country, sorted at cross dock platforms and carrier over long distances, in semi-trailers, accros long distances. In the night, they are unloaded at platforms such as the one I visited. The process I'm describing here is the last part of the global transport operation: shipments are assigned to drivers who will make rounds of deliveries typically consisting of 50 deliveries (they may also pick up shipments during the round). At least 3 different kinds of vehicles are used to accomplish this last part of the global transport operation; a heavy truck (semi-trailer), a light truck ("poids lourd" in French) and LCVs. I spent 2 days at this facility; on one day, I completed deliveries in a heavy truck, and on the other, I completed deliveries in a light commercial vehicle.

I arrived at the Firm 2 office before 07h00. At 7:00 am, the drivers of the day arrive at a planning station to receive the instructions from managers1 concerning their round of the day (generated by software). This is depicted in The driver receives his round for the day in the form of various slips of paper (Figure 4.2. These slips of paper are a part of a A4 sheet; i.e. they have the same width, but are roughly of a third of the length. These are generated by the managers using an optimisation software.

Then the driver, using his own knowledge, reclassifies these slips to have, according to the best of his knowledge of the area he services, a round that is more efficient (Figure 4.3). In this case, the drivers take into account the opening hours of the companies, which the software does not take into account.

At the end of this process, the driver/deliverer commences loading his van/truck (Figure 4.4. The activity moves from the administrative premises (Figure 4.1) into the warehouse (4.5). The trucks are loaded according to the order of deliveries (first delivery is loaded last). This process of loading the truck takes 60 to 90 minutes.

The loading process has some peculiarities -with heavy trucks, a pallet jack is used. This pallet jack remains in the truck, and is used on the sites. With LCVs, a light trolley is used (Figure 4.9).

In Figure 4.6, the process of various trucks being loaded parallelly by their respective driver/deliverers is depicted. In Figures 4.7a,4.7b and 4. At the end of loading, the deliveries begin. The drive boards the vehicle and drives to the clients location. For most of the deliveries, Abdel called the final client to inform them of his imminent arrival. This allows the the driver to confirm that the customer is available, and for the customer to prepare himself for the arrival of the driver. In other words, an exchange of information is realised instants before the delivery operation, in order to synchronise the carrier and the receiver, with the goal of optimising operations, with the outcome that both transport costs are reduced, and level of service The driver keeps personal relationships with almost all his customers; he knows them by their first names and talks about things that are not work related. These relationships allow him to better optimize his route -for example, when a person is absent to receive a parcel/ a scheduled pickup is not ready/ a business is closed, the driver (Abdel) receives calls during the round to let him know to not make a scheduled stop. This allows him to avoid unnecessary stops, and improves the efficiency of his round.

Firm 3

Firm 3 is a tech based logistics company. Its business has 2 core aspects; First, it offers a platform where businesses (or individuals) looking for a courier service can connect with individuals (hereafter referred to as couriers), equipped with their own vehicles (in this case electric bicycles), who offer to move goods 2 . This enables the execution of a variety of tasks; businesses can offer deliveries, individuals can accomplish drop offs and pick ups. As an example, consider the owner of a butcher shop who receives a call from a regular client requesting 800 grams of his usual beef tenderloin. The butcher, not disposing of his own vehicle fleet, can request a courier on the application of the this tech based logistic company. Within minutes, a bicycle courier will be at the shop, and after collecting the order, this courier will make his way to the regular client, with 800 grams of beef tenderloin fastly secured in his back pack 3Secondly, it employs a fleet of vehicles to execute B2C deliveries from its own warehouse situated in Paris. Firm 3 works directly with B2C companies offering e-commerce through their website. Customers place an order on said website, orders for the geographical region that this warehouse serves are consolidated at another facility, and are delivered at this warehouse. From this warehouse, a fleet of small vehicles accomplishes the last mile.

Both these businesses are managed from a central office in Paris. I had the opportunity to participate in both aspects of business listed above. Beyond this, I also had the opportunity to interview a cast of key players making decision on various aspects of the firms operation in the Paris office. Experiences from these three activities are listed below.

With Firm 3, I participated in/observed both key aspects of their business; I was a bike courier, and I visited the firms urban warehouse and discussed with employees there.

Days as a bike courier

I spent a few days delivering parcels as a registered independent courier for this firm. To register as a courier, I had to complete the 'on-boarding' process. Firm 3 regularly hires new bike couriers, due to a high turnover rate.Every few weeks, aspiring couriers are summoned to a specific location where they are made to fill registration forms, undergo identity verification, download a specific, partner version of the app, educated about the normal process of deliveries and what to do in case of exceptional circumstances (what happens when a client does not respond, is absent, accidents, etc.), and are given best practices while dealing with clients.

This process/training camp lasted about 5 hours, and we were roughly 30 aspiring bike couriers. At the end of this training camp, I purchased a 80L back pack which served as a work tool. I, along with other bike carriers, possessed personal bicycles. During this time, as per instructions, I also installed the Firm 3 Partner App on my phone which allowed me to receive orders placed on the Firm 3 platform. I worked as a bike courier for a total of approximately 6 hours, over 3 days. During this time I received a total of 4 tasks. I successfully executed all these tasks. Two of these four tasks involved picking up merchandise from a store and delivering it to an address (i.e. a B2C delivery). The other two were a bit more complicated; these required going to a customers residence to collect an identification document, taking that document to a specified pharmacy, collecting the medicines, and returning the medicines and documents to the customer. During all these tasks the customer was located in his residence, and clearly stated that he would prefer that I come up to his doorstep to deliver. Keeping in mind autonomous vehicles, it is pertinent to note that most apartments in Paris are a part of large buildings, and in some cases, an even larger apartment complex. These buildings or apartment complexes have convoluted interiors containing sequential doors with different access codes, and/or different staircases which lead to different parts of the building. Finding the right apartment is a delicate affair; it requires choosing these doors and staircases correctly. In most instances, while the instructions received from the app were not completely explicit, they were exhaustive enough for a human with sound judgement to locate the correct apartment. In one instance, I found myself in a residential complex composed of separate buildings identified by alphabets. I was unable to locate the right building as I did not have instructions that were sufficiently explicit. In this instance, the final client was obliged to meet me in the common courtyard. This made me remark that if this individual was less mobile, this delivery would have either taken a much longer time, or would have failed.

Days at the delivery hub of Firm 3

The warehouse of this firm was roughly 500 square meters in area; dimensions characteristic of warehouses in urban areas, which, owing to the limited supply of real estate, are smaller than warehouses situated outside cities. As in the case of the warehouse described above this warehouse had a raised platform which facilitated interaction between various vehicles and goods. The warehouse staff comprised of two teams; one which worked in the morning from 07h30 to 15h00 and the other which worked in the evening from 15h00-22h30. Correspondingly, from this warehouse, vehicles would leave three times a day (three rounds per day) at 09h30,14h30 and 18h30 respectively. Three kinds of vehicles operated from the warehouse -conventional light commercial vehicles which carried between 20 to 25 deliveries per round, electric cargo bicycles which carried between 12 to 16 deliveries per round, and a motorized trailer (a K-Ryole) 4 which attaches itself to any bicycle and carries 20-25 parcels per round. The vans and the K-Ryoles required 3.5 to 4 hours for a round, whereas the bicycles required between 2 to 2.5 hours. According to the staff, the vehicles operated at roughly 50% volume capacity. The activities at the warehouse resembled the activities at logistics firm 1 which have been described above. This warehouse had a throughput of roughly 1000 deliveries per day.

Interviews with key employees at Firm 3 I also had a chance to interview key employees in this firm about their duties and challenges. I met with a head of product, the director for public affairs and sustainability, head of operations of the bike courier service, and the managing director who dealt with retail operations. This was a valuable opportunity to understand what operational issues the firm dealt with daily. Among others cited, some issues were;

• As it is a tech platform, an employee called attention to the fact that moving from ideation to implementation was not always technologically easy, in that features were easy to sell to clients, but it was sometimes perhaps more difficult to ensure that the technology behind really functioned. In his words, one of his duties involved insuring that "features we're selling to clients are really working".

• A problem is also the sourcing of individuals wanting to work as couriers, especially in small towns. While in big cities there is an abundance of young, eager to work part-time individuals, in small towns there is a dearth of this demographic, which is at the core of the business model of the tech based logistics platform.

• A related issue is that of high turnover of couriers; couriers on this app typically rest a 4-8 months, before quitting. Thus the challenge becomes to ensure a balance between the number of couriers that are on-boarded and the old ones that quit; thereby being able to satisfy the demand.

• Another related issue is the dynamic nature of demand on such a platform. The demand for couriers is subject to a host of factors. An example of this change is the high demand experienced during Friday and Saturday nights, with food delivery being the primary contributor. This changing demand means it is important to model it, in order to be able to predict it, in order to be able to put various checks and balances in order to have a number of couriers corresponding to the demand. An example of this system of checks is the use of incentives, where cousiers are remunerated more than the base rate in order to encourage them to be on the road, taking deliveries. Further, there may be times when there are simply not enough couriers; in anticipation the company has set up 'fixed time slots'. Akin to scheduled staff shifts in a restaurant, where employees can sign up when they work, a bicycle courier can preemptively sign-up for a certain number of hours on a particular day, and be promised a pre-determined hourly wage (generally close to and above the minimum wage).

• Another issue is the paradoxical nature of demand-supply. On one had, it is important that the clients using the app be satisfied; there must be a large enough pool of couriers that no client has to wait (too long). On the other hand, the couriers too must be satisfied; they must have, at the end of the day, made a satisfactory sum of money, else they might switch to another platform or even another activity. Thus the curious paradox for the app managers becomes to have enough couriers to satisfy the clients, but not too many to dissatisfy the couriers themselves.

• An issue linked to the management of vehicles is the question of where to charge/park the vehicles (generally during the night). This particular logistics firm has a partnership with a parking firm in Paris. The facilities of the latter are rented by the former.

• Next day deliveries, and deliveries with time windows (1 or 2 hour time slots) are challenging as constraints on organisation of the round -leading to lower loading factors -are imposed.

• For a pick-up, the courier has to make an effort to determine where they must wait while the pick up is prepared.

• With reference to vehicles used, the executives also mention that the deliveries by bicycles are cheaper than those with a vehicle, as the driver/deliverer is cheaper, as a driving licence is not required for a bicycle. The executives also pointed out that the resale price of vehicles is also impacted by the kind of use of the vehicle during the time before its resale. As an example, K-ryole's, which are used only for deliveries during their entire life are more favorable received on the resale market compared to vans that have been put to general use.

Visit Four

Visit Number 4 were carried at a e-commerce warehouse of a large French multinational retail group. This group has over 350 stores of different sizes across France, and has a strong presence in a number of European and non European countries. This logistics facility was located at the outskirts of Paris and was among the largest of its kind in Europe. It was a center that catered exclusively to e-commerce. Customers would visit the website of this company, choose the home delivery option, and place their order for a specific date (in 24-48 hours from placing the order) and within a specific time window. The flow of information was simple; after the orders were received, they were -through the help of a software -organized into rounds. Each round was allocated to a specific vehicle. To prepare the order, operators operated an automatic storage and retrieval system. This is a huge machine, covering thousands of square feet which stored an inventory of hundreds of products in separate locations. When, a product appeared in the clients order list, the machine would automatically fetch a 'bin' (which is a cuboidal plastic container of about 0.15 cubic meters) containing these products to the order packing station, where a human operator would pick out the required quantity (say 3 packs of a specific kind of biscuits) and place them in a plastic bag that had been pulled over another bin. Once all items in the clients list were retrieved by the machine, and appropriated to different bins, the order of the client was completed. Thus, a singular order contained multiple bins; on average each order weighed about 20 kgs. These completed orders were loaded on to mobile racks; the latter were handled by drivers and loaded according to their round (first in last out) in their respective vehicles. Then, these vehicles left on their delivery rounds. There were two delivery rounds per day, one in the morning (07h00 -14h00) and the other in the afternoon (15h00 -22h00). This logistics facility operated 6 days a week and processed roughly 2500 orders daily. These orders could have, as their final destination, either another store of the same company, where it would be stored till collected by the final client, or the residence of the final client. This group had 26 of its privately owned vehicles operating out of this warehouse. On top of this, it subcontracted 100 to 130 vehicles depending on the number of orders (each of these vehicles costed 260 euros/day, after taxes, including the cost of a driver). It used light commercial vehicles with a volume capacity of 13m3 and a weight capacity of 1 ton. On average these vehicles would cover roughly 100km/day with occasional maximum daily distances being up to 240km. Owing to the alimentary nature of the merchandise, these vehicles were refrigerated and had 2 temperature compartments -cold (4 -8 degrees) and freezing (-18 degrees). Approximately 15 deliveries were made per round, and there were roughly 170 rounds per day, with one third of them being morning rounds, and two thirds being afternoon rounds. It was revealed that this company was facing both pressure to be more environmentally friendly in their deliveries, and also deeply desired to be able to do this. However, there was no electric vehicle (which was their alternate energy source of choice) which had the required weight capacity.

Visit Five

Visit number 5 was conducted in the National Capital Region of the Republic of India, with an enterprise which specialised in B2B delivery. The logistic facility visited was one of the largest with a surface area of over 15000 square meters. The rent, per square meter, for this warehouse was roughly 170 indian rupees, or approximately 2 euros per month. This logistics warehouse handled the logistics for a electrical equipment manufacturer; various electrical appliances, parts and equipment would be sent here from the factory of this well know Indian electrical equipment manufacturer. From here, the equipment would be shipped to various distributors/retailers of this brand. This particular warehouse stocked over 6500 different items (commonly referred to under the industry accepted acronym of 'SKU' which stands for Stock Keeping Unit). This warehouse had 800 incoming vehicles (Tempos, described below), and 630 outgoing vehicles per month. Of these 630, 90% vehicles had as their destination, other warehouses and 10% were destined for dealers/distributors. The deliveries emanating from this warehouse were FTL deliveries.

The logistics fleet encountered in India displays a larger diversity than the fleet in the European Union; a reason for this could be the difference in the severity of regulation. A vehicle that's used regularly for the transport of goods in India in colloquially referred to as a 'Tempo'. 5 This vehicle can have 3 or 4 wheels, generally has an open cargo storage space (but sometimes the storage space is closed). It has a bed length of 2.3-2.7 meters and a bed width of 1.5-1.7 meters. The open variety of these vehicles have a wall of 0.4 meters height surrounding the bed, and this wall can be lowered from the back of the vehicle, both as in a 'pick up truck'. These vehicles are used for generally 10 years, and cost between 10,000 to 12,000 euros. In India, compressed natural gas is a popular fuel source; the vehicles which use it are generally cheaper.

In the next sections, the outputs of these field visits are detailed.

Operational Parameters gleaned thought field observations

The interviews and field visits made it possible to identify various components of the part of the process of Last Mile Logistics. In this section, the common traits and differences of the operations of last mile logistics are listed. All these visits were conducted at a physical location, termed as the logistics facility. The following were an integral operational element at these facilities;

1. Firstly, occupying physical space, is the logistics site. Most notably, a large physical structure known as the warehouse (typically with a surface area of many thousands of square meters) which stored goods meant to be transported.

2. Secondly, there were vehicles that would collect/deposit said goods from/in the aforementioned warehouse.

3. Finally there were the people, that carried out various tasks.

In the rest of this section, first, the role played by each of these is sequentially detailed. Then, a list of variables, along with their definitions, used to refer to these various aspects is presented. These variables were chosen because they are structural in describing the operating constraints of the last mile logistics operations. As a matter of fact, they are used to construct the micro-economic model presented in the next chapter.

The Logistics Facility

At a logistics facility, as mentioned above, there exists a large physical structure which accommodates goods organised in some manner (For example, parcels 6 are often organised on racks or shelves of some sort. Each rack/shelf is identified using a combination of numbers and alphabets.). This is referred to as the warehouse. The warehouse is designed to facilitate interaction with vehicles. This deliberate design is apparent in -among other things -rolling shutters which make up the wall, and the raised floor of the warehouse (generally 2-4 feet above the ground so as to match the height of vehicles). This is represented in Figure 4.8. Apart from the building itself, there exists also not only space around the warehouse to permit interaction between the vehicles and the warehouse (manoeuvring/parking of vehicles to load/unload goods), but also space for administrative activities inside the building, parking for staff/visitors, etc. Finally, equipment to deal with the sorting, loading and unloading of goods is also present. This equipment varies greatly across different logistic firms, depending on the activity and throughput of a specific location.

At locations with a small to moderate throughput, firms that deal with the transport of parcels usually employ a combination of conveyor belts, forklifts, and 1-D or 2-D barcode based Information Technology (IT) systems (scanners, printers, computers, databases, etc.) to uniquely identify parcels along with and physical locations with unique addresses linked to the IT systems to organise the parcels. At locations with a large throughput or dealing with a large, varied inventory (ex. at the warehouse of a large supermarket chain, doing electronic grocery delivery), firms may use extremely specific, elaborate and expensive machines commonly referred to as Automated Storage and Retrieval Systems (for example the Ergonomic Dynamic Picking System by Wiltron or other this machine by Swisslog). These machines cost millions of euros, and occupy thousands of square feet. Irrespective of throughput, equipment -pallet jacks (electric or manual) and chariots -which made interaction between the goods and vehicles possible, was present. The location of the logistics site with reference to the city center determines two important costs. First are the rental costs which are approximately inversely proportional to the distance from the center.7 This is due to the fact that real estate becomes cheaper as one moves away from the center. Using data from Table 5.1, this is illustrated in Figure ??. Secondly are the transport costs which generally increase as the warehouse moves away from the center. This is due to the fact that for a B2C firm, delivery addresses are more densely concentrated in the center of cities. Thus, if a warehouse is located further away, vehicles have to travel further to reach the customers, thus using more fuel, which is costly. They also have to travel for a longer duration; which, as personnel work only a defined number of hours in a day, means fewer deliveries can be accomplished in a day, which is also, in a more complicated fashion, costly. This trade off is mathematically represented in the next chapter.

Another, crucial factor, is the size of the warehouse. The size of the warehouse is directly proportional to the rental costs. As, the higher the number of parcels treated by a logistics facility, the more space is required, the warehouse size is also directly proportional to the throughput of the warehouse.

Vehicles

Vehicles play a crucial role in LML. They make the link between the firm and the final client. Various types of vehicles were observed during the field visits. Definitions/specifications pertaining to two of these have been listed earlier in this manuscript. For the modelling exercise, 5 vehicles are are compared. Below, a note on the costs of these vehicles is presented.

Total Cost of Ownership

Vehicles need to be bought. This costs money. They need to be registered. This costs money too. They also need to be, among other things, maintained, insured and refueled periodically. All this, once again, costs money. Finally, at one point in time, they arrive at the end of the working life. At this point, they are resold. Through this, the owner -he/what made the relevant investments over the working life of the vehicle -recovers some of the money he/they had spent. To capture this flux of expenditures at an instant, a concept known as the Total Cost of Ownership (TCO) is used.

According to [START_REF] Ellram | A framework for total cost of ownership[END_REF], "Total cost of ownership (TCO) represents a philosophy which aims at understanding the total cost of a purchase from a particular supplier. As such, TCO is a purchasing tool as well as a philosophy. TCO involves identifying the major cost elements associated with key purchases".

Indeed, the TCO is a concept widely represented in the transport literature. There are various studies using the TCO to compare between different vehicles. This is probably due to the fact that the TCO is arguably the most important decision making criteria when comparing between two alternative vehicles [START_REF] Nesbitt | Fleet purchase behavior: decision processes and implications for new vehicle technologies and fuels[END_REF].This thought is also echoed in [START_REF] Wadud | Fully automated vehicles: A cost of ownership analysis to inform early adoption[END_REF] who notes that business purchases (fleet, freight trucks) put more emphasis on situational factors-especially vehicle and wider logistic economics, though psychological factors such as risk perception, corporate culture, and company image can still have a role to play. "There are a number of factors that affect vehicle purchase decisions. These factors and their relative importance substantially vary between consumer and vehicle types... A recent survey in the UK found that fuel economy/running costs, size/practicality and vehicle price were the three most important factors to the consumers...".

Below, some studies centered around a TCO analysis are listed, in order to represent the scope and diversity of its application, and also the richness of literature comparing vehicles using this approach.

[Breetz and Salon, 2018] compare ownership costs for conventional, hybrid, and electric vehicles in 14 U.S. cities to determine whether electric vehicles need subsidies. They not that both federal and state incentives were necessary for battery electric vehicles to be cost competitive. [START_REF] Giordano | Environmental and economic comparison of diesel and battery electric delivery vans to inform city logistics fleet replacement strategies[END_REF] using TCO and social cost approaches compare diesel and battery electric delivery vans to inform city logistics fleet replacement strategies, concluding that while replacement promises reductions in emissions, EVs are not economically viable in all circumstances. [START_REF] Plötz | Total ownership cost projection for the german electric vehicle market with implications for its future power and electricity demand[END_REF] examine the total cost of ownership (TCO) for a distribution of annual vehicle kilometres travelled based on a large data set of driving profiles from Germany, comparing the TCO for conventional, plug-in hybrid, and battery electric vehicles to inform projections of the German electric vehicle fleet. Similarly, [START_REF] Newbery | What is needed for battery electric vehicles to become socially cost competitive?[END_REF] use efficient prices for transport fuels and electricity, to judge what battery costs would make BEVs cost competitive. They note that high mileage, low discount rates and high oil prices could make BEVs cost competitive by 2020, and by 2030 fuel costs are comparable over a wider range. [START_REF] Hagman | Total cost of ownership and its potential implications for battery electric vehicle diffusion[END_REF] create and test a TCO model which reveals that computation could be a challenging task for consumers due to bounded access of relevant data and the prediction of future conditions. They find that the application of the model to the vehicle sample reveals that BEVs could be cheaper compared to internal combustion engine vehicles and hybrid elec-tric vehicles. [START_REF] Wu | Total cost of ownership of electric vehicles compared to conventional vehicles: A probabilistic analysis and projection across market segments[END_REF] build a probabilistic simulation TCO model broad enough to capture most of a national market, in order to provide a comprehensive overview. Their findings indicate that the comparative cost efficiency of EV increases with the consumer's driving distance and is higher for small than for large vehicles and that the exact TCO is subject to the development of vehicle and operating costs and thus uncertain. Linked to the themes of this thesis, [START_REF] Wadud | Fully automated vehicles: A cost of ownership analysis to inform early adoption[END_REF] conducts a TCO analysis to inform early adoption of fully automated vehicles.

Members of the MOBI research Group at the Vrije University in Brussels do a series of studies inspecting the role of the TCO in various aspects of logistics and passenger transport. For example, they compare electric and conventional vehicles for logistics [START_REF] Macharis | Electric versus conventional vehicles for logistics: A total cost of ownership[END_REF], conduct a TCO analysis on electrifying light commercial vehicles for city logistics [START_REF] Lebeau | Electrifying light commercial vehicles for city logistics? a total cost of ownership analysis[END_REF], analyse the light commercial vehicle segment to determine how to improve the TCO [START_REF] Lebeau | How to improve the total cost of ownership of electric vehicles: An analysis of the light commercial vehicle segment[END_REF], and extend the TCO concept by including the cost for society linked to the purchase of a vehicle [START_REF] De Clerck | How total is a total cost of ownership?[END_REF].

Personnel

Personnel in a logistics facility can be classified as;

1. Personnel whose primary task is to make deliveries (Driver/Deliverers).

2. Other Personnel with (a) tasks directly linked to deliveries (b) tasks not linked directly to deliveries (RH, CEO, etc.) Driver/Deliverers are those that accomplish all tasks related with driving and delivering the goods. This includes loading the vehicle based on the round, delivering goods and/or collecting returns, and unloading the vehicle at the end of the round. Employees other than the driver/delivers can be further distinguished between personnel those whose tasks relate directly to the deliveries, and personnel whose tasks do not. In the first category are personnel (referred to as managers in a firm) that deal with the informational flow related to orders, their organisation into rounds, the allocation of rounds based on drivers, the generation of return requests et cetera. This category also includes personnel that work on the floor of the warehouse; these employees generally handle tasks such as organising the parcels (from inflows done by semi-trailers or returns that are collected) onto the racks/shelves based on the specifications of various managers, in order to make them accessible to the drivers for subsequent loading into the delivery vehicle. Personnel not directly linked to the delivery process handle organisational aspects of the firm. This includes human resources, accounting, upper management dealing with strategy, etc. The number of personnel has a direct impact on the costs of its operation as the number of salaries paid is a function of the number of employees. To create a generalised model of the firm, we work on the hypothesis that the number of employees at a logistics facility is proportional to the the size of the facility. As the size of the facility is also proportional to the throughput, not only is this assumption intuitive, it is also confirmed through data from The French Ministry of Sustainable Development.8 .the french ministry for sustainable development. Figure 5.3 shows the variation of the number of personnel as a function of the size of the logistics site.

Variables derived from field research

Taking the analogy of a theatre piece which consists of various acts, it can be argued that the delivery of goods from a logistics facility to the final client consists of two acts. The first act takes place entirely inside the confines of the logistics facility. In this act, various processes occur which culminate in a vehicle full of goods, ready to leave the logistics facility to deliver the goods9 . The second act occurs mostly outside the logistics facility, starting as the vehicle leaves its dock as it commences its journey to the client(s). In the previous subsection, elements of the first act, and the costs associated with them are discussed.

In this subsection, first, elements linked to second act are defined. Then, their relationship to the cost of operations is established. What follows is a list of definitions of various elements relating to the operational process of the second act of urban deliveries. These are divided into variables resulting from operational parameters at the supply side, variables resulting from operational parameters at the demand side, and variables that are indirect indicators (not inputs, but rather intermediate outputs of the model). These may appear, at first sight, to lack coherence. However, these coalesce in the perspective of the operation sequence described in various field visits above. Further, in the modelling section, these are all brought together.

Variables linked to the supply side These are variables linked to operational parameters that derive from the logistics facility (supply side).

• Length of working day of a driver/deliverer: In France, the standard legal working week is of 35 hours/week, which translates to 7 hours per day. However, legal provisions allow for a working week of 48 hours/week, while respecting that over a period of 12 weeks, not more than 44 hours/week are worked by an individual. In case of exceptional circumstances, subject to the agreement of concerned officials, a legal working week can extend to 60 hours/week. Subject to the agreement of concerned officials, an enterprise may demand an employee to work up to 46 hours/week over a 12 week period.10 In the base case 8 hours/day or 40 hours/week is assumed as the length of the day of a driver/deliverer. First, the number of hours a day that a driver/deliverer can work and its implications on the operations and cost are discussed.

• Average loading and unloading time per round: Following the reception of the completed round by the manager, the driver/deliverer starts loading his vehicle. This activity requires a certain amount of time. The author observed this time varied between 15 to 90 minutes depending on the type of vehicle and the market segment. At the end of the round, the driver/deliver also unloads returns, or those parcels that were not delivered. The time spent for this is an important factor to consider as it can occupy a significant portion of the day of the driver. Taken together, the time spent loading at the beginning and the time spent unloading at the end of a round is referred to as the average loading time per round and average unloading time per round.

• Average time spent per delivery: For each delivery, the driver/deliver has to drive to the location, find an appropriate spot to park upon arrival, disembark the vehicle, lock the doors, open the storage, locate the appropriate parcel(s) for the delivery, accomplish the last meters of the last mile of the delivery from the road to the door step of the client, hand over the goods to the client, get confirmation of delivery from client, make his way back to the vehicle, open the door, embark the vehicle, restart the vehicle and make his way to the next delivery on the round (or back to the warehouse if this is the last delivery). These steps are depicted in Figure 4.11. The time this whole operation takes depends on the distance between two sequential deliveries (or pick up operations) and about the urban logistics segment.

• Average number of deliveries per round: For each round, a driver/deliverer has a certain number of deliveries to accomplish. This is known as the average number of deliveries per round. It is a function of the Average number of stops per round and the Average number of deliveries per stop.

• Energy costs: The requirement of energy for the motion of a vehicle has been described in Section 1.2. The costs associated per unit of the energy source is referred to as the energy costs. For Petrol/Diesel vehicles, energy costs are in the form of Euro/Litre, for electric vehicles, this takes the form of Euro/Kilowatthour.

• Vehicle autonomy: This refers to the maximum distance a vehicle can move on a full reservoir of energy.

• Recharge time: This refers to the time required for the vehicle to change the state of its energy reservoir from empty to full.

• Vehicle weight capacity: Different from the volumetric capacity of a vehicle, this refers to the maximum weight a vehicle can carry. This is specified by the manufacturer.

• Vehicle volumetric capacity: This refers to the the maximum storage volume of the vehicle where merchandise can be stored. This is specified by the manufacturer.

• Loading efficiency: A typical round consists of various parcels with non-uniform shapes and sizes of parcels. Thus, when loading them in a vehicle, the complete volumetric capacity of a vehicle is unable to be used. In other words, there is a difference between the volumetric capacity specified by the manufacturer, and the usable volumetric capacity. This is referred to as the loading efficiency.

• Driver experience: In some logistics firms, a specific driver/deliverer is allocated a specific geographic zone, typically a few city blocks (or in the case of Paris, a single arrondisement). All deliveries/returns to/from this zone, are then automatically passed on to this driver. Over time (sometimes the same driver/deliver has the same zone for a few years), the driver gets familiar with various aspects of this geographical zone. He, for example, creates a mental map of good parking spots. He might also develop relationships with various inhabitants (or various workers, in the case of B2B deliveries.). The knowledge of parking spots serve him to reduce his time per delivery. His relationships with various inhabitants/workers allow him to find alternatives in case someone is not able to receive a delivery (ex. he has the option to deliver to the neighbor.). These aspects compound in a way that experienced drivers are more efficient in deliveries over a round than non experiences drivers.

Variable linked to the demand side

These are variables linked to operational parameters that derive from the logistics facility (supply side).

• Average number of deliveries per stop: In the instance that distinct individuals sharing the same address place an order, this number is greater than one. Averaged over an entire round, this refers to the number of parcels that are delivered per stop.

• Average distance from warehouse to first client: This is average distance the vehicle travels from its departure point (the warehouse) to the first client in its round. It is assumed that this is also the average distance the vehicle travels between the last client and the warehouse.

• Average speed to first client: This is the speed at which the vehicle travel the average distance from warehouse to first client (described above).

• Average distance between clients: This represents the average distance a vehicle travels between any two consecutive clients during a round. This distance generally varies as a function of the density of a given region; rounds in urban, semi-urban and rural areas are considered to have different average distances between clients, with the average distance between each consecutive client increasing as the density of inhabitants decreases.

• Average speed between clients: This represents the average speed the driver/deliverer can drive at between two consecutive clients on a round.

• Lead Time: For our purposes, this refers to the time between the placement and the reception of an order by a client. In the industry the lead time typically varies between 5-7 working days to a few hours. It is worth noting, that the lead time can shape the perception of a product by a consumer. For him, a product in 2 hours is not the same as a product in 2 days.

• Delivery Time Window: Some logistic providers allow the customer to choose a day and a delivery slot. For example, a customer may choose to be delivered between 10-11 AM on a particular day for any reason. This is known as a delivery time window. While, for a logistics provider, it probably reduces how optimal a round is, it also reduces failure rate.

• Conventional delivery: This refers to a delivery that is undertaken by a human who delivers the goods in the hands of the final client, generally at the door of his apartment/house. In other words, the last few meters of the last mile are covered by the driver/deliver.

• Level of Service Penalty: A concept (as of now) not reflected in the literature, this refers to the utility difference that any form of delivery has compared to a conventional delivery. For example, in the event of a delivery by an autonomous vehicles, or delivery to a remote locker, instead of a conventional delivery, the final client is expected to undertake these last few meters. It is assumed that this difference in utility is negative (i.e. disutility) and thus covering the last meters is considered as a cost to the user. For an example of this disutility, consider an example where the final client is limited in his mobility (ex. old age)

and has to carry groceries over 20kgs up 3 floors to his apartment. This is described in one of the next sections.

Variables that are indirect indicators

These variables are non trivial results of the constraints. These are not used as inputs for the model, but are rather intermediate results.

• Average number of stops per round: This refers to the number of stops that are accomplished as a part of an average round.

• Average time per round: This represents the average duration, in minutes, of a round. It is a function of average speed between clients, average distance between clients, average speed to first client, average distance to first client, average number of deliveries per round and average time spent per delivery, location of warehouse, average speed from warehouse to first client and loading time.

• Number of rounds per day: A driver/deliverer may accomplish more than one round per day. Depending on the logistics organisation there may different rounds for depending on the time of the day. For example, there can be a morning round, an afternoon round and an evening round for a total of 3 rounds per day.

• Number of deliveries per day: Representing the total number of deliveries accomplished in a day by a driver/deliverer and his vehicle combo, the number of deliveries per day is a function of the number of rounds per day and the average number of deliveries per round.

Demand categories based on field observations

Field observations highlighted the heterogeneity of Last Mile Logistics and the subsequent implications of this diversity of the potential use of AECS vehicles in LML. Across firms, the characteristics of deliveries and subsequently the vehicles used to accomplish these deliveries varied greatly. Some firms made deliveries that were generally heavy and cumbersome, others dealt with lighter and smaller deliveries. In some occasion, the merchandise necessitated the use of a refrigerated vehicle. In some cases (generally with smaller and lighter merchandise), each delivery was rapid, in others each delivery took longer. The time required to load a vehicle was also subsequently different. This diversity has clear implications for the analysis of the potential use of AECS vehicles in LML, namely that this diversity must be explicitly accounted for in an operational model. This diversity is referred to as demand categories or market segments.

As discussed in Part I there are many ways to segment urban logistics, depending on the perspective. In the following, a rather simple segmentation was opted for. It is consistent with the level of detail of both the model and the data at hand. Indeed, the modelling work, which will be presented in Chapter 5, is focused on non-widely spread technologies: data about operating constraints and costs is scarce and generally non available. Also, the model aims at being approximately relevant for any kind of urban area, those urban areas being represented with a very limited set of variables. Finally, the developments in terms of autonomous vehicles in UL are mainly aimed at the segments that are described below. The simple, three part segmentation presented below and on our what the modelling work is bases, is, in the opinion of the author11 , an acceptable combination of the research objectives and constraints.

• Parcels: this B2C market segment is characterized by small and light deliveries, which are accomplished relatively quickly. This is the market segment of (typically) home deliveries of e-commerce orders, consisting of quite small orders of general, non edible commodities, conditioned in parcels. Suppliers are typically firms (including major groups such as Amazon) and customers are typically persons, asking to be delivered at home.

• Groceries: this B2C market segment is represented by daily consumption commodities such as food, hygiene products, and other goods typically found by customers in supermarkets. Suppliers are typically firms, often very big ones (Leclerc, Auchan, etc.), and, often, the goods have two important characteristics: they are perishable, have very high hygiene requirements, and they must be transported in an environment with a specific temperature. Orders are also typically quite heavy. Generally, these deliveries are delivered to the doorstep of the client; the driver/deliverer will displace the contents of the grocery order from the vehicle to the door step of the final client. Sometimes, the location of the clients' apartment necessitates the use of multiple flights of stairs.

• B2B: this market segment is also characterized by big and heavy deliveries between businesses. This segment is perhaps the most heterogenous one. In a very approximate representation of reality, we consider here segments from firms to firms (e.g. suppliers to stores), of relatively small size, but typically quite heavier than B2C parcels. These deliveries take a long time, and require the use of specialised handling equipment (like pallet jacks), and need a larger vehicle than that used to deliver parcels.

For the modelling exercise, each of these categories implies specific input parameters which are described in the results.

The role of the driver/deliverer

This section makes explicit certain aspects of the role played by the driver/deliverer in the delivery process and also details how these aspects are modeled.

The driver/deliverer does more than just drive the vehicle from the origin to the destination; he is not just the vehicle operator. For each delivery on his round, he gets inside the vehicle, starts the vehicle, drives to the next client, notifies said client of imminent arrival, arrives at destination, looks for parking, parks the vehicle, dismounts the vehicle, opens the storage compartment, looks for the relevant parcel in the storage compartment, retrieves said parcel from storage compartment, closes the storage compartment, carries the parcel to the client, hands over the parcel to the client, gets a signature (or other delivery verification), makes his way back to the vehicle, climbs into the vehicle, restarts the vehicle... and the cycle restarts. In terms of the percentage of time per delivery, the driver/deliverer spends less than 25% of the time driving, and over 75% of the time engaged in activities apart from driving linked to delivering. Further, while driving, he is often simultaneously calling the clients. A more detailed list of activities during a round of deliveries, along with the time required for each of these are presented in 4.11. Through observations of the time the driver/delivery spends per activity in the delivery process, it appears that the act of driving is almost tangential to his job, that he is, first and foremost a delivery man. This aims to shed light on implication of the removal of the driver in the case of autonomous deliveries. Three aspects have been identified which may impact the adoption of AECS vehicles. These are the level of service, efficiency of deliveries, and the requirement of a remote operator. These are presented below.

Level of Service

As indicated above, the driver/deliverer does more that just drive. In fact, he provides a valuable service -in terms of convenience -to the end customer. It is he who locates the merchandise in storage, unloads it and undertakes the last meters of the last mile to deliver it to the end customer. The customer only has to open his door to find the delivery. In the case of autonomous deliveries however, some of the tasks that had been previously carried out by the driver must now be carried out by the end customer. These are detailed in Table 4.2.

For a hypothetical example, consider a delivery to a final client who lives on a higher floor of a building without elevators. To retrieve his delivery made -Real time rerouting

Driver

??

Table 4.2: Task shift between conventional and autonomous deliveries by an autonomous vehicle, he must make his way to the street, irrespective of potentially unfavorable weather conditions (rain). This client, arguably, would be better off if a delivery agent would do the last meters for him.

For the quantitative modelling, this loss of service is considered as a penalty for the firm over each delivery, and is included as a euro amount which depends on the market segment.

Latent Knowledge/Driver Experience

Second, the driver disposes of what may be termed latent knowledge. This body of knowledge is not explicit. It comprises of situational/environmental know how's which are adaptive in the light of deliveries. This knowledge is gained through experience; often, logistics companies allocate their drivers to specific 'delivery rounds' within the same geographic area or patch over a long period of time. By maintaining them on the same rounds, carriers attempt to build up the driver's familiarity in a round and surrounding area, helping them learn the most efficient routes, build personal relationships with customers and maintain knowledge of a round. Owing to repeatedly deliveries in the same area, the driver develops an extremely useful, practical, understanding of the area and its inhabitants. A non-exhaustive list of these understandings and their applications are reflected in Table 4.3.

The effect of this latent knowledge on delivery effectiveness parameters, like time spent on average per delivery, first time delivery success rates, time spent of average for parking, etc. is, very poorly tackled in the literature, and to the best of the knowledge of the authors, not reflected in any study doing economic cost considerations. However, the effect of this knowledge can be extremely significant on some performance parameters. For example, according to one of the rare studies which explicitly consider this "the difference between two of our drivers (D22 and D24) with similar round sizes and parcel volumes shows a considerable variation in effective-ness, with D22 driving 44% less distance, spending 35% less time per parcel, 29% less driving time per parcel, and 39% less parking time per parcel. The variation in effectiveness of our drivers relates to better route planning, exploitation of accumulated knowledge of the round, personal relation-ships with other stakeholders, the amount of time spent at the curbside and the influence of walking. These statistics show that more effective drivers achieve higher rate of delivery of parcels per minute while spending less time driving and parking in the van" [START_REF] Bates | Transforming last-mile logistics: Opportunities for more sustainable deliveries[END_REF]. The relevant matter of the transfer of these significant efficiency gains in the context of autonomous deliveries is considered in the discussion section.

Unexpected Conditions/Technical Difficulties: the need for remote monitoring

Through the field observations, it was noted that logistic firms rely on computer software to help them with the planning of their rounds. These include a host of information technology. Arguably, the most salient is the software that solves for them the Vehicle Routing Problem. This software, taking as input the final location of customers, outputs a close to optimal delivery se- Table 4.3: Driver/deliverers latent knowledge and its applications quence (the round). This round, as described through the field visits above, is a crucial decisional parameter for the driver/deliverer; it is his sequence of operation. It is also invaluable to the logistics firm, as this round is where their services meet the clients, in the real world. However, the real world is complex. Sometimes, unexpected things happen. Sometimes, the final client is absent. Sometimes, the vehicle stops working unexpectedly. Sometimes, the roads are too congested and the 'round' cannot be adhered to.

During one of the visits, this in indeed what transpired. The driver/deliverer was scheduled to make a delivery a shopping complex. This building, a commercial center, had bays specifically designed to accommodate the arrival (and sometimes departure) of goods. In this specific instance, this bay was congested, and a line of vehicle waiting for their turn was visible outside the commercial center. At this crucial moment, instead of waiting for his turn, the driver/deliverer decided to skip this delivery in order to maintain the integrity of the round. He reasoned that if he took this one delivery, he will lose out of more than one of the next deliveries. He made the logical decision to not make this delivery, and reattempt it at another occasion.

In the case of autonomous deliveries, the occurrence of such situations cannot be discounted. They must be proactively accounted for. This can be accomplished by having a remote operator. This operator can be imagined to have access to real time operations of a number of autonomous vehicles making deliveries. In the event of an unwanted event, this operator would intervene and course correct. If, for example, during an autonomous delivery, a client erroneously registers the retrieval of his merchandise from the appropriate compartment, he can contact the emergency number shared by the logistics provider to connect with a remote operator who will be able to resolve the issue.

This remote operator12 must be paid a wage; this is accounted for in the subsequent quantitative modelling.

Conclusion

This chapter has as its subject, the activity of urban deliveries as observed in logistics firms, and knowledge gained through interviews/meetings with professionals working in the domain. First motivations and challenges linked to the procurement of interviews and field visits are described. This is followed by a description of the interviews conducted. Differing viewpoints gained from these interviews are briefly represented.

Then, observations conducted on the field are expounded. The activities carried out in the firm, their order and importance in the LML process are described. The use of vehicles is carefully inspected.

Light is shed on the diversity of LML and its subsequent implications on the potential use of AECS vehicles. Three market segments (Parcels, Groceries, B2B) are chosen for the analysis and are briefly described.

Operational parameters observed during the visits are then described, all through the lens of cost. These are grouped into parameters linked to the warehouse, to the vehicles used, and the employees. These are used to define a number of variables. Phrased differently, pertinent variables are extracted to create a cost model.

Lastly, the role of the driver/deliverer is described. In anticipation of its absence with AECS vehicle, 3 aspects that may impact adoption are detailed. These are the loss of service, the role of driver experience/latent knowledge, and the need for remote monitoring.

In the next chapter, the elements described in this chapter are assembled into a model that is used for quantitative analysis.

Chapter 5

A microeconomic model of cost per delivery with integrated warehouse location All models are wrong, but some are useful.

-George E.P. Box

In the first part of this manuscript, light is shed on the activity of urban logistics and autonomous vehicles along with discussions about their role in logistics. In the previous chapter, characteristics of LML learned from interviews of professionals or observations of activities of logistics firms are shared.

Recall, from Chapter 3, that the objective of this thesis is to respond to the question of whether autonomous vehicles may add value in LML. The question of autonomous vehicles for urban logistics is that of introducing new assets -autonomous vehicles -into existing processes -ensuring deliveries with a given level of service for the best price. Indeed, for all the reasons discussed in previous chapters, the operating processes currently witnessed in urban logistics with with conventional LCVs will undergo modifications with autonomous vehicles.

The objective of this chapter is to develop a model making it possible to compare the cost competitiveness of autonomous vehicles to other solutions. There are two important underlying assumptions to this approach.

First, it is assumed that the objective of urban logistics remains the same when autonomous vehicles enter the process: it continues to be the delivery of shipments to receivers within a given level of service and at the best cost. Therefore, cost comparison is the major criterion to assess the relevance of replacing conventional vehicles with autonomous vehicles. Second, it is anticipated that the substitution of conventional vehicles by autonomous vehicles will modify the operating processes. Thus in order to broach the question of substitution, an appropriate model must be developed which permits a suitably flexible representation of the operating processes -in order to capture the anticipated changes -and the costs linked with them. In other words, this model developed should be able to capture how the processes are adapted to new assets, and the impact of this process modification on costs. Therefore, in this chapter, a pertinent mathematical framework that uses operational parameters detailed in the previous chapter, is put forth. As input it uses costs linked to the warehouse and the vehicles. The role played by these in the delivery process is detailed in the previous chapter. It has as its output, the cost per delivery. The use of this model permits the comparison of the cost competitiveness of various vehicles subject to their respective operational constraints, while accounting for -if required -the modification of operating processes.

To illustrate the working of the model, consider Figure 5.1. Note the existence of three crucial elements; a warehouse located at a certain distance from the customers, the arrangement of the customers, and the size of the warehouse. In sub-figure A, one notes that a warehouse is at 30 km from the customers. This is the distance from warehouse to the first client/customer input parameter in the model. It is also seen that the customers have a certain distance between them. This is the parameter of distance between deliveries in the model. In sub-figure B, the reader can note two changes. The distance from warehouse to the first client/customer is reduced to 10 km, and the distance between deliveries is also reduced. Finally, in sub-figure C the size of the warehouse is reduced, and it is located at a distance of 1 km from the first delivery. These differences aim to show how the warehouse, customer density, and vehicle interact. This form of representation is common in the literature (ex. [START_REF] Figliozzi | Autonomous delivery robots and their potential impacts on urban freight energy consumption and emissions[END_REF]).

Various inputs (and the singular output) linked to this model are depicted in Figure 5.2. A succinct explanation of its working is provided below. It is • At the very right is the cost per delivery; the output of the model. This metric used to compare different vehicles, is derived from the transport costs per delivery and the warehouse costs per delivery.

• The transports costs per delivery are, in turn, derived from the transport fixed costs per vehicle per day, the transport operating costs per kilometer, and the number of deliveries per day.

-The transport fixed costs per vehicle per day are independent of the distance a vehicle travels. They include the actualised costs linked to the purchase price, insurance/depreciation rates and the wage paid to the driver.

-The transport operating costs per kilometer derive from the energy cost per unit (Euros/Litre or Euros/kWh), the energy consumption of the vehicle, and its maintenance costs per kilometer. To determine these costs per day, the distance the vehicle travels per day is needed; this is a function of the number of deliveries per day.

• The warehouse costs per delivery are a function of the costs of the warehouse -its rent and wages paid to personnel -and the number of deliveries that are accomplished through it (the throughput of the warehouse). In other words, this block indicates the euro amount of the contribution of the warehouse costs per delivery.

-A warehouse must be rented. The rental costs depend on the size of the warehouse and its distance from the city center; the closer the warehouse is to the city center and the larger it is, the more expensive it is.

-The warehouse requires personnel to keep it functioning. The employees are paid a wage. To determine the costs linked to warehouse employees, a simple relationship, based on statistics from the French Ministry for Sustainable Development, is used to represent the number of employees as a function of the warehouse size.

-The last component, is the throughput of the warehouse. This refers to the number of deliveries that are processed by the warehouse for a given unit of time. Intuitively, the size of the warehouse has an impact on its throughput; the larger the warehouse, the more deliveries it can process. However, the number of deliveries is also dependent on the number and type of vehicles that are used. To determine the relationship between the size of the warehouse and the number of a specific type of vehicles used to process deliveries, satellite images are used. Using these satellite images, the width of a single vehicle bay, and the the number of bays for a given warehouse area, the relationship between the number of vehicles and the warehouse area is developed. Then, using the number of deliveries accomplished by a vehicle per day and the number of vehicles used in the warehouse, the throughput of the warehouse is determined.

The various components listed above all operate in different units. To arrive at a common unit, all calculations are done over the period of one week. One week is assumed as 40 working hours, spread over 5 working days, which corresponds to 8 hours of work a day. This duration is legally accepted and commonly witnessed in France. One year is assumed to contain 260 working days, an assumption coherent with the literature. Thus, both warehouse and transport costs are calculated over a week. Following the overview above, the various inputs are presented in detail, sequentially. First, the relevant mathematical formulations are expressed. Then, the numerical values used are discussed.

Costs Linked to Warehouse

A simple, yet, for the purposes of this thesis, usable and relevant, model of costs linked to a warehouse is developed. In this model, a warehouse consists of,

• a physical structure at a location

• employees

• equipment, electricity, maintenance etc.

The following cost structure is proposed.

warehouse costs = warehouse rent + warehouse employeecost + warehouse othercosts (5.1) The following assumptions are made in this model;

• A logistic firm requires a warehouse for its cross-docking operations.

• This warehouse is rented1 .

• Firm operates only 1 warehouse with an uni-modal fleet (a fleet comprising of only one type of vehicle). All customers of the firm are delivered from this warehouse.

• Equipment, electricity, maintenance and other costs are assumed to be dependant on the market segment to which warehouse caters. These are collectively represented as other costs. In other words, for a given warehouse of a firm catering to a particular market segment, two warehouses, provided their size is the same, will have the same other costs even if located at varying distances from the center.

• Firm and warehouse operate at full capacity; for every asset that exists, it is being operated at full capacity.

Warehouse Rental Costs

The rent of a warehouse, in this model, is represented as a function of two criteria;

• its size and,

• its distance from the city center.

To determine the variation of rental prices as the function of the warehouse distance from the city center, data from property websites, where warehouses for rent are listed is used (Table 5.1). This data indicates a non-linear relationship between the variables of interest. The rent decreases non linearly as distance from the center increases (Figure 4.10). Where warehouse rent is the rent per square meter and warehouse distance is the distance of the warehouse from city center.

Number of employees and personnel cost

Employees at a warehouse are paid a wage. The cost component pertaining to warehouse personnel is denoted as; warehouse employeecostperhour = warehouse size * employees m2 * wage employee (5.3) Here, warehouse size is the size of the warehouse in square meters. employees m2 represents the number of employees per square meter, and wage employee represents the average wage per hour paid to an employee. To determine the relationship between the number of employees and the size of the warehouse, data from The French Ministry for Sustainable Development was used. Based on available (limited) data, the number of employees as a function of the size of the warehouse follows a close-to-linear relation (Figure 5.3). Personnel costs are taken as 11.17 euros per hour using the certain employment websites. 4,5,6,7 This is represented in Table 5.3.

It is worth noting, however, that this assumption changes with geographical regions. The personnel wage in India, for example, where one of the visits was conducted, is lower. The implications for this for the adoption of AECS vehicles for LML are presented in the discussion section. warehouse othercosts = δ (5.4) In this model it is assumed that for a given market segment, for a given warehouse size, these other costs are the same. These costs are not known. This creates a problem that can be tackled in at least two ways;

1. calibrate model such that cost/delivery reflects real world values. 8

2. subtract the minimum cost/delivery from all other costs/delivery for each configuration such that δ is removed.

Method 2 can be represented as: As for a given configuration (warehouse location, warehouse size, customer density, vehicle, market segment), In the current iteration of this model, the warehouse othercosts are not explicitly considered. However, of this limitation, the following can be said; while the values may not be accurate, the difference between them -and, by extension the hierarchical arrangement of vehicle competitiveness based on cost per delivery -remains valid. Including these costs is noted as a future research direction.

Costs linked to vehicles

In this section, a method to determine the cost component of urban deliveries linked to vehicles is developed. As mentioned above, the output of this modelling exercise is the cost per delivery that enables comparison of various vehicles over different configurations of warehouse location, size, customer density and market segment. An essential part of this comparison is the number of deliveries that can be realised by a particular vehicle in a day. This is conditional on the speed of the vehicle, its autonomy, its weight and volume capacity. All relevant variables are listed in Section 4.2. In this section, first, a methodology to determine the number of deliveries a vehicle can accomplish per day, given various constraints, is detailed. Secondly, the costs linked to the ownership of a vehicle are detailed. The different vehicles that are compared are presented, and relevant ownership costs described. From the costs of a vehicle and the number of deliveries it can accomplish, the costs per delivery for a vehicle is arrived at. Below, the algorithm used to determine number of deliveries a vehicle can accomplish in a day is detailed. The following assumptions are made;

• A vehicle makes no movements apart from those in a round.

• Vehicles start the day on a full charge (or full tank of fuel), and only recharge/refuel at the end of the day. To recharge/refuel no extra movements are needed.

• A vehicle operates till it reaches either the end of its autonomy, or the end of the working day.

The variables used to determine the number of deliveries per day are represented in Table 5.4.

A new variable, dps coef f , is introduced here. Consider that a vehicle makes more than one delivery at a single stop; for the deliveries after the first, the transport and parking time need not be accounted for repeatedly. Using estimates from field observations of time spent per activity (Figure 4.11, it is estimated that for each additional delivery after the first at the same destination, only a fraction of the time is used. This fraction is denoted by dps coef f .

To find number of deliveries per day, the following steps are implemented;

1. Number of stops in the first round is determined subject to the following constraints;

(a) Time constraint: In the following equation, the number of deliveries a vehicle van accomplish given the operating hours in a day (t lod ) is determined. This equation is derived from rearranging an equation for the time taken to accomplish n deliveries in a round (ex. (5.14)). The time taken for a round includes the transport time from the warehouse at the beginning of the round, and to it at the end of the round. It also includes the time taken to move between deliveries, and the time taken to accomplish each delivery. (5.9) (b) Autonomy Constraint: A vehicle can only travel as far as the limits of its energy reserve. This equation is derived from rearranging an equation for the distance a vehicle travels to accomplish n deliveries in a round (ex. (5.15)). The movement a vehicle makes includes two movements from and back to the warehouse, along with the distance between n -1 deliveries. A similar algorithm is depicted in [START_REF] Figliozzi | Autonomous delivery robots and their potential impacts on urban freight energy consumption and emissions[END_REF]. This algorithm considers more operational variables and thus offers more flexibility in the modelling exercise. It also enables the introduction of the location of the warehouse into the analysis.

n 1 = t lod -
n 2 = v autonomy -2 *

Throughput of a warehouse: number of vehicles as a function of warehouse size

Recall from above that this model has two components; the costs associated with vehicles, and the costs associated with warehousing. To tie these two components together, a link between these two must be established which elucidates their interaction. This link is determined by establishing a a relationship between the number of vehicles and the size of the warehouse.

In the previous section, the number of deliveries that can be accomplished by a vehicle in a day, under a paradigm is determined. The throughput per day of the warehouse can be determined by calculating the number of deliveries per day realised by the entire vehicle fleet. However, to determine the size of the fleet, the relationship between number of vehicles and warehouse size must be formalized.

It is assumed, in the ensuing calculations, that the warehouse is used for cross docking operations only, which implies that the storage inside is temporary.

The following relation between the size of the warehouse, its throughput (number of deliveries that are processed in the facility), and the number of vehicles used is developed.

The throughput of a warehouse is assumed proportional to its size.

warehouse throughput ∝ warehouse size (5.25) warehouse throughput ∝ f leet size (5.26) warehouse size ∝ f leet size (5.27) warehouse size = k * f leet size (5.28) The constant k, based on observations at Firm 2, which used vans for deliveries, is determined in the following manner:

• Width of a single bay, and subsequently the number of bays are determined using Google Maps (Figure 5.4).

• Area of warehouse is determined using Google Maps(Figure 5.5 and 5.6).

• Number of vehicles per square meter is thus calculated.

From above images; • Area of building = 48m*248m = 11904m2

• Length of building required by 1 van = 3m • No. of vans/m2 (only 1 side) = 0.007 Thus, the relationship between warehouse area and number of vans is expressed as;

Area V an = 0.007 (5.29) The units are Vans per Square Meter. This implies in this model, for roughly every 143 square meters of warehouse size, a fleet has one more van. However, not all vehicles have the same dimensions and thus do not require the same amount of warehouse space. In other words, the number of vehicles per square meter of warehouse space depends on the type of vehicle, as -for example -a cargo bike is not as wide as a van. For calculations in the model, the following ratios for area required by different vehicles, in terms of the area required vy a van, are assumed.

Area SDAV = Area V an /0.5 (5.30) Area CargoBike = Area V an /0.7

(5.31)

Area M DAV = Area V an /0.8 (5.32) Thus, with this parameter, given the size of a warehouse, the number of vehicles composing its fleet can be given.

size f leet = area vehicle * warehouse size (5.33) Here, size f leet represents the number of vehicles in the fleet, for a given warehouse size . area vehicle refers to the number of vehicles a square meter of warehouse space entails; it is specific to the vehicle type. For example, area van is 0.007, and implies that for roughly every 143 square meters of warehouse size, a fleet has one more van. Similarly area M DAV is 0.008759 , which implies that for roughly every 114 square meters of warehouse size, a fleet has one more MDAV.

Total Deliveries over a Fleet

The total deliveries a fleet accomplished over a week is represented as df leet week total . To determine this, first the total deliveries made by one vehicle over a week must be determined. The total deliveries made by one vehicle over a week is given as deliveries week total . It is determined by multiplying deliveries total by 5, the number of working days in a week. This is applied across whole fleet, by multiplying deliveries week total with number of vehicles in a fleet (5.33). df leet week total , along with the total ownership costs detailed next, is used to determine cost/delivery. df leet week total = deliveries total * size f leet * 5 (5.34)

Comparing costs over different vehicles

To determine the costs of vehicles, the Total Cost of Ownership (TCO) approach is used. This is a widely used approach to compare different cost structures over differing vehicle technologies. It involves comparing actualised costs for each period over the life of a vehicle. These costs include;

• Costs independent of distance travelled -Purchase, resale, insurance, subsidies,tax, etc.

• Costs dependent on distance travelled -Fuel, maintenance

In this analysis, the data represented in Appendix B is used to compare the costs related to different vehicles. This is adapted from [START_REF] Scorrano | Electric light commercial vehicles for a cleaner urban goods distribution. are they cost competitive?[END_REF] and extended by the author. In this data set the costs independent of distance travelled for 50 vans are represented. The vehicles in this data set are

• 50 vans split into 3 categories according to energy source;

-Vans powered by diesel -Vans powered by petrol -Vans powered by electricity

• and 2 cargo bikes, powered electrically, with similar characteristics.

Along with these, two types of autonomous vehicles are compared. These are

• Single Delivery Autonomous Vehicle (SDAV): These vehicles make one delivery at a time. They are significantly smaller than an average vehicle. They are level 5 AVs and do not require the presence of a driver. They are generally conceived as sidewalk robots, and as a result go very slow. An example is Amazon Scout (Figure 3.4).

• Multiple Delivery Autonomous Vehicle (MDAV): These vehicles can make multiple deliveries at a time. They are close to the size of an average vehicle. They are level 5 AVs and do not require the presence of a driver. They are generally conceived as on-the-road robots, and have speeds similar to conventional vehicles. An example is Nuro (Figure 3.5).

The question of energetic transition

In order to accurately represent the regulatory atmosphere faced with the current environmental reality, in this analysis, electric vehicles are also considered. Two kinds of electric vehicles, electric vans, and electric cargo bikes are included in this analysis. When a logistics firm makes vehicle purchase decisions, these vehicles are under consideration. Indeed, the Director of e-commerce of a major french retailer stated that turning his fleet 'green' was a priority for him.

Thus, for an analysis of the potential use of AECS vehicles in LMD, these electric vehicles must also be explicitly considered.

The vehicles considered in this analysis

To summarise the discussions in the previous pages, the vehicles considered in this analysis, along with some of their operating constraints, are presented in Table 5.5 for the reader. 10 These are; 

Multiple Delivery Autonomous Vehicle

Component of the TCO of a vehicle which is independent of the distance travelled by it As described above, a TCO approach is used to determine the costs related to vehicles. In this section, the methodology related to calculating the component of TCO independent of distance travelled is detailed.

The following assumptions are made;

• The working life of a vehicle is 8 years.

• The vehicle is used every working day of every time period.

10 an exhaustive list of operating constraints is presented in Figure 6.1 batteries are not changed/replaced during the working life of the vehicle.

The variables used to calculate the component of the TCO independent of the distance travelled are represented in Table 5 The following assumptions are made;

• The time period is taken as 1 year.

• The working life of a vehicle is assumed as 8 years.

• The number of working days in a year are taken as 260.

These assumptions are concurrent with values found in the literature.

Component of the TCO of a vehicle dependent on the distance it travels

The component of TCO dependent on distance includes energy and maintenance related expenses. The maintainance costs in euro/km are specified in Table B.1. The following fuel costs are assumed;

• Diesel12 : 1.5 Euros/Litre To determine the distance dependent component of TCO, The total distance travelled by a vehicle in a day is determined from Equations 5.15,5.18,5.23,and is Where cost energy and cost maintainance are the unitary (euros per km) diesel/electricity and maintenance costs. gains linked to the driver are absent. As mentioned in Chapter 4, an experienced driver has rounds that are roughly 40% more efficient than drivers lacking experience.

• Wage costs of the remote operator: A remote operator, supervising many AVs, handles unexpected technical difficulties. In Figure 4.11, it is noted that the driver spends roughly three quarters of the time per delivery in delivering, and only a quarter driving. Thus, considering this, and the fact that not every delivery will pose an issue, one remote operator is assumed to handle 20 vehicles. This remote operator, over time, could also potentially offset some loss of efficiency due to the lack of a driver. Thus the loss of efficiency is taken as 20%; it is assumed that an autonomous vehicle makes 20% less deliveries than its operational constraints of time and autonomy permit.

• Level of Service Penalty: Since AVs cannot offer the same level of service a driver/deliverer can (Table 4.2), a penalty associated with the loss of service, depending on market segment, is accounted for. The value is 1.5 euros per delivery, 3 euros per delivery and 5 euros per delivery for the market segments Parcels, Groceries and B2B respectively.

Limitations of the model

In its current state, apart from the various assumptions, the model proposed for cost per delivery has two limitations. First, the algorithm to determine number of deliveries per day does not permit a scenario where, if, during the course of a day, a vehicle has run out of autonomy it can be recharged/refueled during a portion of the time of the day that remains (and deliver during the other portion). To illustrate this, consider the case of SDAVs. Owing to their limited range, under certain constraints, they run out of autonomy in roughly 5 hours of their 16 hour day. Assuming it takes 6 hours to recharge them, they should have full autonomy and 5 hours (16 -(5+6)) to use it. In its current iteration, the algorithm does not permit it, but this is intended as a future research direction. This is, however, easily dealt with to obtain robust results. In Scenario 2 B of the results, this limitation is addressed.

Secondly, in the model SDAVs are programmed to operate for distances between deliveries varying from 1 to 5 km. Analytically, with a warehouse location at 1 km from the customers, the distance between two customers cannot be over 2 kilometers (consider a line of 2 km with the warehouse located at the center, 1 km from each end). For more than two customers, a circle with radius 1 km can be imagined. In such an arrangement, 6 customers can be placed (on the vertices of a regular hexagon with sides of 1 km) such that the distance between them is 1 km, and they are 1 km from a warehouse (located at the center). Owing to this, when a SDAV is used with a warehouse located at 1 km, the values output by the model are not considered for analysis of the vehicle-warehouse location combination which offers the least cost per delivery.

Conclusion

In this chapter, a microeconomic model of the euro cost per delivery using a specific vehicle, given warehouse location, size, customer density and market segment is developed.

First, a model for the costs linked to the warehouse in a logistics firm is put forth. This is formulated in a way that represent the contribution of this operational aspect to the cost per delivery. The components of this operational aspect are the rental costs, the costs linked to personnel, and other costs linked to equipment, electricity, maintenance etc. The data sources, and models used to extend these for the ensuing analysis, along with the working assumptions, are laid out.

A similar exercise is carried out to determine a mathematical formulation to represent the component of costs per delivery which stem from the use of vehicles. An algorithm used to determine the maximum number of deliveries per vehicle per day is elaborated. A Total Cost of Ownership model is designed in order to compare various vehicles for urban logistics. The model accounts for the main operating constraints pertaining to last mile delivery. Those constraints are: the driver's working day duration, the vehicle's autonomy, the vehicle's capacity in volume, and in weight. Based on those constraints, the number of rounds and number of deliveries per round are calculated. The relationship between the number of vehicles and the size of the warehouse, and various assumptions are made explicit.

The heterogeneity of LML is represented using different demand categories/market segments. Three segments; Parcels, Groceries and B2B are chosen for analysis. The characteristics pertaining to each of them are de-scribed.

The summation of the costs described in this model, represent the total costs incurred by the firm. This, divided by the number of deliveries accomplished enables the determination of the cost per delivery. The cost per delivery can be compared over different vehicles across warehouse location, size, customer density and market segments to determine cost competitiveness of each vehicle, and to respond to the question of whether 

Introduction

In this chapter, the results obtained from the modelling exercise carried out in Chapter 5 are presented. The output variable is the cost per delivery using a specific vehicle. The appropriateness of this variable has been discussed in the previous chapters. Namely, as the role of urban logistics is assumed to remain as -with the introduction of autonomous vehicles -the delivery of shipments to receivers within a given level of service and at the best cost, the comparison of the cost per delivery over different vehicles serves to determine the most competitive vehicle for a given set of parameters. The presentation of the results is followed by a discussion in which some parameters are modified, the limitations of the results and the domain of validity of the model presented.

5 Vehicles are compared.

1. Diesel Vans: These are the current hegemonic solution for last mile logistics. Diesel vans have a sufficiently high volume and weight capacity, high operating speeds, a relatively low purchase cost and high operating cost, and virtually no autonomy constraints.

2. Single Delivery Autonomous Vehicle: These autonomous vehicles make one delivery at one time. They have low speeds, a high purchase cost, and a severely limited autonomy.

3. Multiple Delivery Autonomous Vehicle: These autonomous vehicles make multiple delivery at one time. They have low speeds, a high purchase cost, and an autonomy comparable to that of electric vans.

Given that energy transition and the current trend towards moving diesel vehicles outside city centres are getting very strong and sustainable political traction, it is important to also compare autonomous vehicles to future options for last miles logistics, namely:

4. Electric Vans: one of the contenders to diesel vans from the perspective of energy transitions, electric vans have the same characteristics, except for a higher purchase cost, a lower operating cost, and a substantial (but not necessarily critical) autonomy limitations 5. Electric Cargo Bikes: This green vehicles is a bicycle, generally electrically powered, with a limited capacity & limited speed, constraints implying that they cannot be used with warehouses far from the city centre. However, they have a low purchase cost.

These are compared over 3 warehouse locations, 4 warehouse sizes, 45 customer densities and 3 market segments. This is represented in Table 6.1.

The input parameters used are depicted in Figure 6.1. In this table, the variation of input parameters according to vehicle and market segment are noted. The variables depicted here have been detailed in Part II. At a glance, through this figure, the reader can take note of the operational constraints that are imposed on the vehicles according to the market segments. If a category is in red, or a cell is struck out, it implies that the vehicle is not compared in that market segment.

The foreseeable domain of competitiveness of autonomous vehicles for last mile deliveries

In this chapter, the results are presented per scenario. In Scenario 1, the different vehicles are compared over purchase price and existing operational constraints alone; various potential inefficiencies stemming from and specific to the use of autonomous vehicles are not accounted for. These inefficiencies are represented by the loss of level of service, the loss due to driver experience and the wage costs of a remote operator. In other words, in Scenario 1, the model is calibrated to not take into account the changes in the operating process (and the costs associated with them) caused by the use of autonomous vehicles instead of conventional LCVs for deliveries. Then, in Scenario 2, three costs specific to the inefficiencies caused by the use autonomous vehicles for last mile deliveries are added to the cost per delivery, to represent the anticipated change in the operating process with the introduction of autonomous vehicles (to maintain a similar level of service). This is followed by Scenario 3, where a relaxation of the purchase cost of autonomous vehicles in Scenario 2 is presented. The characteristics of each scenario are presented in Table 6.2. For all intents and purposes, Scenario 1 should be considered as optimistic, Scenario 2 as both more realistic and pessimistic, and Scenario 3 at a sensitivity test aiming at understanding whether the purchase price of autonomous vehicles is the main barrier towards competitiveness, or not. The comparison of the various technologies goes in two steps. First, each option is compared over the three market segments (parcels, B2B, groceries) over a range of assumptions regarding customer density and over several distinct warehouse distances to the city center. One could consider this first comparison as a short term one: assume an existing carrier, with an existing customer basis, and an existing warehouse, questioned themselves regarding moving to a new type of vehicle, then the model computes what the impact on costs would be. Three graphs are used to represent the cost per delivery for different configurations of input parameters across the three respective market segments. In these graphs, the cost per delivery across customer densities and different warehouse locations is presented.

In the second step, the fourth graph is used to represent the vehicle and warehouse location combination offering the minimum cost per delivery. A global optimisation is realised, where the location of the warehouse is also considered to be a variable. This can be considered as a more long term, strategic perspective, where the carrier would consider how they could shift from their existing fleet to a new one, and would account for the fact that different vehicles be operated more efficiently with a new warehouse location. This is where all the modelling work of Chapter 5 is leveraged, and the results are presented in a different type of graphs, where the exogenous variables are the market segment and the customer density. In this analysis, for a given market segment, the vehicle and warehouse location combination offering the minimum cost per delivery is determined and presented. In other words, the question 'At what location of the warehouse, and for which vehicle, is the cost per delivery the minimum?' is responded to. This is essential as the choice of vehicle and warehouse location is not independent. When faced with the task of entering a new market, a logistics firm has considerable autonomy regarding where to rent a warehouse, which vehicles to use, and which market segment to cater to1 . This is true even for firms already operating in an existing market; the most competitive vehicle-warehouse location combination informs business strategy. It informs decisions about potentially renting a warehouse at another location or buying a different kind of vehicle if the fleet needs to be upgraded.

Reading the graphs: Cost per delivery across market segments

Across all market segments, these graphs are read are in the same fashion. At a first glance, it is noted that there are three panels and there are a number of colored curves, corresponding to different vehicles, that represent the cost per delivery. These are explained below.

In each graph, it is apparent that there are 3 panels. These represent the distance of the warehouse to the first delivery. From left to right, the first panel indicates a warehouse at 1 km from the first delivery, the second indicates a warehouse at 10 km from the first delivery and the third indicates a warehouse at 30 km from the first delivery. As one moves from left to right across panels, the share of costs linked to real estate decreases and the share of costs linked to transport and time increase. The share of costs linked to real estate decrease as the model assumes a non-linear relationship between rental costs and distance to the city center (where the customers are); the costs to rent a square meter of warehousing space decrease non-linearly as one moves away from the city center (Figure 4.10). The share of costs linked to transport increase, as, first, longer distances need to be traversed to meet the customers; this requires more fuel, which must be paid for. Secondly, the costs linked to time increase; this indicates that vehicles must travel longer 2 to arrive at the clients location which implies that fewer deliveries can be accomplished in a day 3 and that the vehicle and driver 4 are not accomplishing deliveries for the longer time they are in transit from the warehouse to the location of the client.

For each panel, on the y-axis, in the cost per delivery in euros. The yaxis is scaled to log base 10 to visually represent values better. However, the values represented are not scaled (i.e. they are real values output by the model). As on moves from bottom to top of y-axis, the cost per delivery increases.

For each panel, on the x-axis is the distance between deliveries. The distance between deliveries represents the density of customers; the higher the distance between deliveries, the lower the density of the customers. As one moves from the left to right of a panel, the density of customers decreases.

2 a notable exception is the SDAV. As this vehicle accomplishes one delivery at a time, it goes from the warehouse to the clients location and comes back to the warehouse. This means that the cost per delivery while using this vehicle is independent of customer density.

3 as the length of the day is fixed 4 present in the case of conventional deliveries 208 Across all market segments, on average, the costs increase as the distance between deliveries increases. This is due to the fact that over each round, a vehicle has to travel more distance to make a delivery and subsequently the time and expenses linked to transport increase.

The cost per delivery, on the graphs, is represented in the form of a colored curve. In each panel, each curve represents the costs per delivery associated with using a specific vehicle. At the right of the graph is a legend which maps the colors represented to the vehicles used.

Reading the Graph: Which vehicle-warehouse location combination offers the minimum cost per delivery?

In this graph, the analysis of the vehicle and warehouse location combination offering the minimum cost per delivery is presented.

There are three panels, each corresponding to a market segment. On the top, is the Parcels market segment. In the middle, is the Groceries market segment. At the bottom, is the B2B market segment.

On the y-axis, the cost per delivery is represented. On the x-axis, the distance between deliveries is represented.

Each data point on the graph is composed of a number (1, 10 or 30) and a label (dvan, evan, bike, sdav or mdav ). The number represents the distance of the warehouse to the first client; 1 represents that the warehouse is represented at 1 km from the first client, 10 represents that the warehouse is represented at 10 km from the first client and 30 represents that the warehouse is represented at 30 km from the first client. The character string represents the vehicle; understandably dvan stands for diesel van, evan stands for electric van, bike stands for cargo bike, sdav stands for Single Delivery Autonomous Vehicle and mdav stands for Multiple Delivery Autonomous Vehicle. Taken together, each point indicates the vehicle-warehouse location combination which offers the least cost per delivery, for the respective distance between deliveries. Further, the value of the cost per delivery offered by the optimal vehicle-warehouse location pair is indicated on the y-axis.

Scenario 1: Autonomous vehicles introduced in the same operating process

The different vehicles are compared over purchase price and operational constraints alone; various potential inefficiencies and changes in the operating process stemming from and specific to the use of autonomous vehicles are not accounted for. The cost per delivery per market segment is presented in the following order; Parcels, Groceries and B2B.

Scenario 1: Cost per delivery in the Parcels market segment

The cost per delivery across different vehicles is presented in Figure 6.2. Across the different warehouse locations, the diesel van offers, generally, the lowest cost per delivery. This is followed by the electric van, which owing to its slightly higher purchase price, and energy cost per kilometer, comes second. Cargo bikes come third; when the warehouse is located at 1 kilometer, they are especially competitive. On the other hand, the Multiple Delivery Autonomous Vehicle offers, generally, the most expensive delivery. Due to specified autonomy characteristics for Single Delivery Autonomous Vehicles, they are unable to offer deliveries when the warehouse is located at a distance of 30 kilometers. Further, while on the graphs, they shine in sparsely populated regions (distance between deliveries greater than approximately 3.6 kilometers) with the warehouse located at a distance of 1 kilometer, due to the limitations of the model noted above, these values do not accurately represent the operating conditions.

Note that the graphs illustrate how complex the interaction of various constraints can get. For example, when the capacity constraint is binding, the relationship between customer density and per delivery cost is not the same as when it is not. This is particularly visible with the SDAV curves, which are flat; and also a bit with the MDAVcurves, where part of the curve is close to flat, when the vehicle is used at full capacity (that is the case in the third panel, on the left hand side of the graph).

The relationship between costs and warehouse location can be inferred by comparing the curves on the three panels, and how fast they move. For example, the SDAV curve goes up very quickly when the warehouse moves away from the delivery area. This effect holds for all vehicles, but is least pronounced for the vehicles with the highest volume and weight capacities, and can be mitigated, even overcompensated by the decreasing renting cost of warehouses located further away from the delivery area. The results linked to the B2B market segment are presented in Figure 6.4. In this market segment, Single Delivery Autonomous Vehicles do not make deliveries, owing to the operating constraints stemming from their weight capacity. With the warehouse located at 1 kilometer away from the first delivery, for distances between deliveries of greater than approximately 3.4 km and less than 4.8km, cargo bikes are the most competitive. For distance between deliveries greater than 4.8 km, Multiple Delivery Autonomous Vehicles offer the least cost per delivery. However, generally, across all warehouse locations, for most variations of distance between deliveries, diesel vans offer the least cost per delivery. In this graph, the vehicle-warehouse location combinations which offer the lowest cost per delivery, across distance between deliveries, is presented. This graph is arrived at by comparing the costs per delivery, across warehouse location, in each market segment; the minimum is chosen. From this graph, it is gleaned that a warehouse placed at 10 km from the first delivery along with the use of a diesel van, offers the least cost per delivery. This holds for all market segments, despite their differences, and for all customer densities. It is apparent, also, that the cost per delivery increases with the distance between deliveries. This is due to increased costs linked to transport and time. A note on the evolution of costs per delivery over customer densities Across market segments, the cost per delivery over customer densities for all vehicles follow a similar pattern; these costs increase as the distances between deliveries increase. The cost per delivery offered by MDAVs is worth paying attention to as in some cases it increases at a slower rate than the costs offered by other vehicles. This is especially apparent in warehouse locations of 10 km and 30 km in Figures 6.2,6.3 and 6.4. This rate of change implies that the difference between costs per delivery between conventional and autonomous vehicles decreases as a function of distance between deliveries. While many media reports leave one with the intuition that deliveries by AVs are poised to first appear in urban, densely populated areas, the results indicate that the business case is stronger in regions that are less densely populated.

Scenario 2: Operating costs specific to the use of AVs

In Scenario 2, the changes in the operating process, linked to the use of Autonomous, Electric, Connected and Shared vehicles for deliveries, and the costs linked to them are accounted for. These are;

• Losses stemming from lack of efficiency gains linked to driver experience: As the use of AVs implies the lack of a driver, the efficiency gains linked to the driver are absent. As mentioned in Chapter 4, an experienced driver has rounds that are roughly 40% more efficient than drivers lacking experience.

• Wage costs of the remote operator: A remote operator, supervising many AVs, handles unexpected technical difficulties. His wage is accounted for in Scenario 2. In Figure 4.11, it is noted that the driver spends roughly three quarters of the time per delivery in delivering, and only a quarter driving. Thus, considering this, and the fact that not every delivery will pose an issue, one remote operator is assumed to handle 20 vehicles. This remote operator, over time, could also potentially offset some loss of efficiency due to the lack of latent knowledge acquired by a driver. Thus the loss of efficiency is taken as 20%; it is assumed that an autonomous vehicle makes 20% less deliveries than its operational constraints of time and autonomy permit.

• Level of Service Penalty: Since AVs cannot offer the same level of service a driver/deliverer can (Table 4.2), a penalty associated with the loss of service, depending on market segment, is accounted for. The value is 1.5 euros per delivery, 3 euros per delivery and 5 euros per delivery for the market segments Parcels, Groceries and B2B respectively.

Adding the additional costs to the cost per delivery, in Scenario 2, it is noted that the most competitive vehicle-warehouse location combination is the use of a diesel van with a warehouse located at 10 km away from the first delivery. This is true across market segments and across distances between deliveries.

Given the fact that autonomous delivery vehicles were already out of the market without accounting for these additional cost position, it is not surprising that they do not appear anywhere on these graphs. The main conclusion to derive from this second scenario should be the following: autonomous vehicles do not demonstrate a clear dominance over conventional solutions for last mile logistics, even without accounting for the level of service and operational efficiency shortcomings that they will likely meet in real life operations. Those shortcomings are one of the obstacles to the commercial success of these solutions. However, as Scenario 1 already shows, making them disappear (however realistic that objective may be) will not be enough. In the current state of affairs, Single Delivery Autonomous Vehicles offer limited mobility. Further, recall, from Chapter 4, that a current limitation of the model is that it does not permit vehicles to be recharged during the working day. In Scenario 2B, Scenario 2 is extended in that SDAVs have a higher autonomy of 100km across all market segments. This extension, at once, accomplishes two goals; it responds to whether increasing the autonomy of a SDAV improves its competitiveness, and it also addresses a limitation of the model. The results from Scenario 2B are represented in Figure . They indicate that the autonomy does not have an impact on the results. In Scenario 3, the purchase price of AVs is reduced very strongly. SDAVs are considered to have the same purchase price as a cargo bike: 7890 euros.

MDAVs are considered to have a purchase price corresponding to that of a typical large electric van: 64,673 euros. These values correspond to the average purchase price of these vehicle categories in the data used appendix).

In this scenario, once again, the combination of diesel vans and a warehouse located at 10 km away is the most competitive. The results show that a lower purchase price for AVs do not affect the combination of vehicle type and warehouse location that offers the minimum cost.

Alternative scenarios: a prospective analysis

In this section three extensions to the results are presented. First the outcome of removing the level of service penalty is presented; it indicates conditions where MDAVs become competitive. Then, the effect of decreasing wage (characteristics of developing geographical regions) on the combination of vehicle-warehouse location is presented. This is followed by results where the diesel van is removed from analysis; indicative of a green future where internal combustion engines may be prohibited. Following these extensions, future directions of research are discussed.

The differences between the additional scenarios considered in this section, and the scenarios considered in the results sections are detailed in Table 6.3. Table 6.3 also recapitulates the three scenarios examined in the previous section, for the reader's comfort. To extend the results, a customer segment which is indifferent to the level of service is also considered. It is assumed that these customers do not derive any negative utility from undertaking the last meters of the last mile themselves; i.e. in this scenario, no cost penalty for autonomous vehicles is incorporated in the output cost per delivery. Another interpretation is as follows. Last mile logistics is a market with considerable barriers to entry for a new firm; suitable real estate is expensive, it is hard to find, knowledge of the geographical area is needed, possessing a fleet requires enormous capital, regulation can be severe, overheads are high and profit generation is low. Thus, incumbent firms possess some immunity to the effects of competition. This permits them, to a degree, to decide the offering. It enables sufficient leeway for firms to get away by offering service that is not excellent -or perhaps imposing on their customers deliveries by autonomous vehicles. This is, perhaps, an explanatory factor for the adoption of autonomous vehicles in China.

The results are represented in Figure 6.9. It is noted that AVs have some domains of competitiveness. MDAVs display competitiveness, if the distance between deliveries is between 3.1 and 3.5 kilometers and between 4.6 and 5 kilometers, with a warehouse located at 10 km from the first delivery. Consider the case of India; the average wage per hour is close to 80 cents rather than 11 euros. The output due to this change is represented in Figure 6.10. The changing of the wage has interesting effects on the warehouse location; the vehicle of choice remains a diesel van, however, the optimal warehouse location becomes 30 km. However, these value are calculated using a warehouse rental cost model of Ile de France region. The National Capital territory -according to subjective estimates of the author -follows a similar trend; indeed the price of real estate in the city center of New Delhi is comparable to the prices in Paris, and the prices outside the city are much lower. For increase the robustness of these results, further analysis is needed. An additional conclusion, less surprising, is that the business model of autonomous vehicles isn't viable under Scenario 5. Indeed, in freight transport, the business model of autonomous vehicles is only as good as the wages it makes operators avoid. 

Scenario 6: The Green Future

A conceivable regulatory response to the catastrophe of climate change we are faced with could be the prohibition of vehicles with internal combustion engines. The output due to this change, in Scenario 2, is represented in Figure 6.11. Results indicate that an electric van operating from a warehouse placed at 10 km offers the most competitive price per delivery.

All other things equal, this scenario shows that energy transition should not be considered as a direct and unambiguous catalyst of market uptake for autonomous vehicles in last mile logistics, despite the fact that their environmental impact is very probably much better than that of diesel vans (notwithstanding cycle-life impacts). Indeed, there are other solutions for energy transition, including those examined in this research:, such as cargo bikes and electric vans. From this scenario, one conclusion stands out: autonomous vehicles are costly, due to both their purchasing costs and all the constraints they come with from an operational standpoint. The alternative solution of electric vans, despite the fact that the vehicle itself is a bit more expensive than a diesel one in TCO terms, and despite the presence of a driver, is still a better alternative for last mile logistics than autonomous vehicles.

While not the focus of this research (and the object of considerable literature), one should not that cargo-bikes appear nowhere as a relevant alternative to electric vans for last mile logistics either. This conclusion should be taken with a grain of salt: the fine calibration of the comparison of the two solutions was not the primary focus of this research. However, a corollary result of these simulations is that the business case of cargo bikes is not obvious either (although it may have better prospects than that of autonomous vehicles). In Part II of this thesis, the model used and its construction are elaborately detailed. There is one aspect of the model that could benefit from improvement: the incorporation of charging of vehicles during the working day. This has been described in Section 5.5. In Scenario 2 B, this limitation is addressed and SDAVs are modelled to have extended autonomy. In the future, the algorithm used to determine deliveries per day is poised to be modified to incorporate the possibility of charging during the working day.

Another issue is of the analytical coherence of deliveries by SDAVs in regions of low customer density, with a location of warehouse corresponding to 1 km: customers can't be further than 1 km away from a central delivery point (the warehouse).

Thus, Scenario 4 is conceived as a robust result: For deliveries of Groceries, if AVs have a reduced purchase price, and if customers are insensitive to the level of service (or if their local logistics company imposes it), MDAVs operating out of a warehouse located at 10 km from the customers offer the least cost per delivery.

Future research directions

The following are noted as future research directions.

• Determination of the size of fleet for a given geographical region: As is, the model enables the determination of the vehicle-warehouse location combination that offers the least cost per delivery. Given the characteristics of demand of a given geographical region, a natural extension is to apply this output these characteristics to determine the number of vehicles needed to supply this demand.

• Incorporation of social costs: Currently, a private perspective is adopted for the analysis of the results. In the future, the aim is to compare the social costs stemming from green house gas emissions, noise, etc., over different vehicles.

• Lead Time: In the current state of the model, it is assumed that all shipments a firm delivers are placed enough in advance for the firm to able to organise rounds that are complete and organised optimally. How would the cost per delivery for a given vehicle change if a delivery had to be made 'shortly' after it was requested? How would this change depending if 'shortly' was 24 hours, or 6 hours, or 60 minutes? Consider the rise of instant food and grocery deliveries. These deliveries are typically realised within 60 minutes of an order being placed by the client. This short lead time implies that firms cannot deliver many orders in one round 5 and in the event they can wait, they may have to accomplish these deliveries in a way that the round deviates from the optimal (i.e. the vehicle has to travel longer distances than it would have had without the lead time constraint). Thus, a short lead time implies a different structure of costs than modelled. In the future, the aim is to develop a model of the number of deliveries which incorporates the lead time.

• Mixed Fleet and Multiple Warehouses: Currently all deliveries are modelled to originate and end at a singular warehouse. Further, all movements are accomplished using a single type of vehicle. Consider the case of cargo bikes of SDAVs for deliveries; owing to their limited carrying capacity, these vehicles cannot replace LCVs without changing the location of the warehouse or without adding additional warehouse. Indeed, inspecting data from a parcel company in Paris, [Robichet et al.,0] show that cargo bikes offer competitive deliveries only with the addition of microhubs in the city center, and only if these microhubs are supplied by conventional vehicles. In the future, the aim is to extend this model to consider deliveries which use different vehicles over multiple warehouses.

• Finer calibration of the model: The model in some parts, currently, uses inferences drawn from limited data and/or simplistic assumptions. For the calculations of number of employees and number of vehicles per square meter, another ratio -depicting the ratio of the surface built on vs the total area of the warehouse will be considered in the future. Similarly, a packing ratio for vehicles will be used as in reality the entirety of the vehicle volume/weight capacity is seldom used. There is also the question of a correlation between the size of the warehouse and the rent per square meter that can be inspected and accounted for.

Conclusion

In this chapter, the results output from the model developed in Part II are presented. These results are presented in the form of 3 scenarios. In Scenario 1, 5 vehicles, including AVs, are compared across the three market segments.

It is assumed that the operating process does not change due to the introduction of AVs. In Scenario 2, 3 additional costs which reflect the changes in the operating process due to the introduction of AVs are incorporated.

In Scenario 2 B, the autonomy constraint of SDAVs is relaxed. Finally, in Scenario 3, the purchase cost of AVs used in the model are reduced to levels similar of comparable conventional vehicles. In all three of these scenarios, a diesel van, operating out of a warehouse located at 10 kilometers away from the first clients offers the most competitive deliveries.

In the discussion section, 3 other scenarios, which extend the results are presented. In Scenario 4, a customer segment which is indifferent to the level of service is considered. It is noted that for this customer segment, with reduced purchase costs, MDAVs offer competitive deliveries in certain circumstances. The impact of differences in wage (characteristic of different geographical regions) is simulated in Scenario 5; it is found that if the wages are reduced, a warehouse located further away, at 30 kilometers, offers more competitive deliveries. Finally, a scenario without diesel vehicles -keeping in spirit with a green energetic transition -is developed. It is noted that electric vehicles become the most competitive.

A note on the domain of validity of the model is presented, and various avenues for future research are noted. The incorporation of lead time, multiple warehouses and mixed fleets is discussed.

General conclusion

Technological advancements, media coverage, academic attention, industry interest and enormous investments are testament to the potential adventand widespread use -of autonomous vehicles. This thesis aims to address whether these vehicles may be used in last mile deliveries.

This question is of strategic importance to Groupe Renault. The LCVs it manufactures are used extensively in last mile logistics; the sale of these for the same contributes importantly to the revenue of the firm. The use of AVs in last mile logistics, if they are used, will probably impact the sales 6 of LCVs.

The use of AVs in LML is a question of introducing a new asset into an existing process. It is assumed that, to be used for LMDs, AVs must add value in this process. The value may stem from reduced costs or increased efficiency. To determine whether the use of AVs may add value, the existing process of last mile logistics was keenly examined. This was done through interviews with professionals in the domain of LML, and field visits, where the author observed -and when possible -participated in the activity of last mile deliveries. These observations led to the establishment of the working assumptions of this thesis. As mentioned in the introduction, these reflect the understanding that • LMDs have a defined process, which has endemic operational constraints. These operational constraints stem from, among others, the length of a working day, the type of vehicle used and the location of the warehouse. The question of the use of Autonomous Vehicles for LMDs is a question of the introduction of a new asset in to an existing process with its defined and preexisting operational constraints.

• Further, last mile deliveries are heterogeneous. Some deliveries are 6 as they would substitute the use of LCVs 235 heavy, some are light. Some take a long time to deliver, others are delivered quickly. Depending on the goods, there may be a requirement for refrigerated vehicles. In other words, there is a diversity of operational constraints depending on the type of deliveries. Thus, an AV must respond successfully to these diverse operational constraints.

• The question of cost is central in LMD as it is an industry with very slim profit margins. Thus, the adoption of AVs for LMDs will probably be motivated by cost, and be impacted by the various, diverse operational constraints such as the level of service.

• The human in the vehicle plays the role of driver and deliverer. There is a level of service associated with his presence as it is he who undertakes the last meters of the last mile. This level of service has different implications according to the different types of deliveries. As with AVs, there will be no driver/deliverer, there will be an impact of the level of service.

These observations made it abundantly clear that different vehicles (including AVs), each responding idiosyncratically, must be compared, on a parameter linked to cost, to determine which vehicle is the most competitive. In the literature, the tools for this comparison were not found. Based on observational parameters that have been gained, first and foremost, from field visits, and through assembling, modifying and extending relevant tools that were found, a new tool -a simple microeconomic model of cost per delivery -is developed.

In this model, the output parameter is the cost per delivery. As input, costs linked to the vehicle (purchase costs and per kilometer costs) and costs linked to the warehouse (rent, personnel, etc.) imposed by the operational constraints (number of deliveries per day specific to vehicle and market segment) are used. While the TCO model is derived from existing approaches, it extends them in important ways, including the integration of warehouse location, market segments, and the level of service.

A implicit component of the modelling exercise is the development, and subsequent use of market segments and scenarios, which permit the evaluation of the use of AVs in a relevant framework.

Using this cost model, the use of AVs is simulated. The resulting values are compared to those of other vehicles. While conventional vehicles (notably diesel vans), owing to them being particularly suited7 to the operational constraints of LML, are the most competitive in most modelling scenarios, in one scenario, Multiple Delivery Autonomous Vehicles are the most competitive, albeit under certain circumstances. In this scenario, the purchase costs of MDAVs are comparable to those of electric vans and the customer segment they catered to are not particularly concerned with the level of service. The implications for Groupe Renault are as follows; as the acquisition costs of AVs decrease, they will probably find a market in areas where there is a ready availability of young and mobile customers. Further, as LML firms possess sufficient market power, it cannot be discounted that they may impose deliveries by autonomous vehicles on their customers if it contributes to their bottom line. ), but there are also aspects that the individual discovers for the first time. Exploration of this territory is cumbersome as the individual only has a small, weak flashlight at his disposal.
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It is also occasionally redundant, as sometimes, especially during the early phase of map-making, the individual finds himself back at a point he has previously been, disoriented. Throughout this period of exploration, this individual has access to another, very valuable resourcea guide. The guide is someone who is familiar with this territory and offers the explorer invaluable guidance, but most of all ensures that the exploration is advancing. The guide is someone who the explorer can share his plans for and results of his exploration with. The guide provides feedback on the plans and results, and occasionally even accompanies the explorer on a mission. It can be argued that this is a futile exercise, as the guide could have just easily shared his map with the explorer. This argument, however, misses the point, as, while at its face, the aim of the endeavour may seem to be to make a map, the real aim, arguably, is for the explorer to learn how to make a map. In other words, the outcome is not the map of the territory, but rather the map making skills that the explorer acquires. The explorer in question here is, of course, the PhD student. The territory he is exploring is not (entirely) physical, but rather abstract. His flashlight is his attentional resources; he can only focus small portion of the territory at a time. He can only read a single paper, or conduct a singular interview, or be at one place at one time. He has all the limitations of a human, and none of the capabilities of a hero who is traditionally found in such stories of exploration. The role of the guide is played by the PhD supervisor; he is Gandalf and the student Bilbo Baggins. The map of the territory is the resulting PhD dissertation; and if the student has acquired the required map making skills, he is accorded the title of doctor 1 . Thus, sometimes, the PhD student does not know where to look; he is guided by his best decision at that moment, which may diverge from the absolute optimal decision. This explains in part the sequence of adoption of these three data collection strategies.

• Real World Constraints/Chance. While sometimes the PhD student may not know where the objective best location is to look, at others the cosmic interplay of cause and consequence may lead to him missing his mark. Also, sometimes this mechanism may indeed lead him back on track. In the course of this PhD, there were numerous instances and forces that were responsible for 'deviation from the plan'. One can notably cite the COVID-19 pandemic as a major perturbator, which lead to the cancellation of numerous field visits, and complicated getting interviews in person. There were also occasions when, due to chance, the author stumbled upon individuals who were extremely well placed to provide highly relevant information. 
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 1 Figure 1.7: (a) Number of logistics facilities as a function of their distance from Paris. (b) Size of logistics facilities as a functions of their distance from Paris. Source[START_REF] Heitz | Rethinking data collection on logistics facilities: New approach for determining the number and spatial distribution of warehouses and terminals in metropolitan areas[END_REF] 
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 1 Figure 1.13: A classification of distribution structures in Last Mile Logistics.Source[START_REF] Lim | [END_REF] 
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 1 Figure 1.14: 5 fundamental aspects of Last Mile and their relations. Based on [Gevaers et al., 2009] construction of Author. Solid lines represent direct relations, while dotted lines represent indirect relations.

Figure 1 .

 1 Figure 1.15: A classification of Last Mile Deliveries. Source[START_REF] Gevaers | Characteristics and typology of last-mile logistics from an innovation perspective in an urban context. City Distribution and Urban Freight Transport: Multiple Perspectives[END_REF] 
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 1 Figure 1.16: A classification of unattended delivery methods. Source [McKinnon and Tallam, 2003] 
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 1 Figure 1.19: Vehicles used for the transport of goods in Ile de France. Source [Serouge et al., 2014]. Translated to English from the original.
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 21 Figure 2.1: SAE J3016TM "Levels of Driving Automation". Source: Society of Automobile Engineers, 2021.
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 22 Figure 2.2: Estimates of annual economic benefits from AVs in the United States. Source: [Fagnant and Kockelman, 2015].

  [START_REF] Van Meldert | Introducing autonomous vehicles in logistics: a review from a broad perspective[END_REF] study vehicle automation technology, liability and legislative challenges, along with the ethics human factors challenges applied to the usage and potential consequences of AVs for the logistics industry and propose that the adoption of AVs holds the possibility of completely innovating the way in which mobility and transportation logistics are dealt with. They mention
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 31 Figure 3.1: Classification of Automated Micro-Vehicles for Urban Logistics.Source[START_REF] Baum | State of the artautomated micro-vehicles for urban logistics[END_REF] 
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 32 Figure 3.2: Fed Ex's sameday delivery Bot ROXO. Source[FedEx, 2019] 
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 33 Figure 3.3: Starship Technologies Delivery Bot. Source [Technologies, 2015] 
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 1 Interviews and Field Visits to better understand last mile deliveries 4.1.1 Motivations and Challenges
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 41 Figure 4.1: Drivers collecting their round at the start of the day. Source: Author

  7c, scheduled deliveries to various drivers.
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 42 Figure 4.2: Delivery slips. In this round there are 53 deliveries. Source: Author
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 43 Figure 4.3: A driver/deliverer (Abdel) reclassifying his delivery slips. Source: Author
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 44 Figure 4.4: Abdel loading his truck, last in, first out, for the upcoming delivery round. Source: Author
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 46 Figure 4.6: Various trucks being loaded at the same time. Manual or Electric pallet jacks are used to move objects that are too heavy to move by hand. Source: Author.

  (a) Trucks docked to the warehouse. (b) Trucks docked to the warehouse.

  (c) Trucks docked to the warehouse.
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 4 Figure 4.7: Trucks docked to the warehouse during the loading process. Source: Author. 143
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 4 Figure 4.8: A LCV being loaded using a trolley. Source: Author.
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 4 Figure 4.9: A truck nearing the end of its loading process. Source: Author.
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 4 Figure 4.10: Warehouse rent as a function of distance from city center.
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 4 Figure 4.11: Time spent per activity during a delivery. Source: Author.
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 51 Figure 5.1: A representation of the relationship between warehouse location, warehouse size, customer density and the ensuing interaction with a vehicle, considered in the model. Source: Author.
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 52 Figure 5.2: Overview of various inputs and relationships between them used to determine cost per delivery
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 53 Figure 5.3: Number of Employees as a function of the size of the warehouse
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  These values are known through field visits.
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 54 Figure 5.4: Width of a vehicle bay. Source: Google Maps.
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 55 Figure 5.5: Length of a warehouse. Source: Google Maps.
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 56 Figure 5.6: Width of a warehouse. Source: Google Maps.
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 57 Figure 5.7: Costs of a vehicle independent of distance travelled as a function of capacity volume. scenarios depicted are detailed in Chapter 6. Source: construction of author based on extension of [Scorrano et al., 2021].
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 61 Figure 6.1: Input parameters used to define operational constraints per market segment, for all vehicles compared. a
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 62 Figure 6.2: Cost per delivery across different vehicles in Scenario 1. Market Segment = Parcel. Construction of Author.
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 63 Figure 6.3: Cost per delivery across different vehicles in Scenario 1. Market Segment = Groceries. Construction of Author.
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 64 Figure 6.4: Cost per delivery across different vehicles in Scenario 1. Market Segment = B2B. Construction of Author.
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 65 Figure 6.5: Most competitive vehicle-warehouse location combination for given customer densities in Scenario 1. Construction of Author.
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 66 Figure 6.6: Most competitive vehicle-warehouse location combination for given customer densities in Scenario 2. Construction of Author.
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 67 Figure 6.7: Most competitive vehicle-warehouse location combination for given customer densities in Scenario 2 B. Construction of Author.
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 23 Scenario 3: Is the competitiveness of AVs limited by their purchase price?
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 69 Figure 6.9: Most competitive vehicle-warehouse location combination for given customer densities in Scenario 4. Construction of Author.
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 32 Scenario 5: The use of AVs in Geographic regions with Low Wage

Figure 6 .

 6 Figure 6.10: Most competitive vehicle-warehouse location combination for given customer densities in Scenario 5. Construction of Author.
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 6 Figure 6.11: Most competitive vehicle-warehouse location combination for given customer densities in Scenario 6. Construction of Author.
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 4 Future work 6.4.1 A note on the domain of validity of the model
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  These are commonly referred to as Electric Vehicles (EV). As this technology is still under development, neither does it offer as much autonomy on a single charge as do CVs on a full tank, nor can it re-charge as rapidly or as easily as the relevant refueling infrastructure is still under development. Thus, while it has as an advantage being less polluting and more quiet, autonomy is often an operating constraint for electric vehicles.

However, it is worth noting, at this point, that this technology is developing quickly, and coupled with the right infrastructure and governmental support, it is likely to become the dominant technology. For example, in Norway, the plug-in electric car segment market share has seen phenomenal growth owing to steady government intervention. The share of electric vehicles grew from 29.1% in 2016, to 39.2% in 2017, to 49.1% in 2018, to 55.9% in 2019, and to 74.7% in 2020. The record uptake rate achieved in 2020 allowed Norway to become the first country in the world where annual sales of all-electric cars outsold the combined volume of all passenger cars with internal combustion engines.

[Observatory, 2021] 

(10) Interagency Urban Movements 22 trips Rounds of deliveries and pick-ups Packaging of goods F (11) Packages 40 trips (12) Pallets 15 trips (13) Mixed 91 trips (2) Transport of Concrete 17 trips (3) Transport of cars 8 trips (4) Transport of fresh food products 72 trips (5) Transport of dry food products 78 trips (6) Transport of beverages 43 trips (7) Transportation of manufactured goods 28 trips (8) Transport of intermediate products 56 trips

  

	Nature of the transport
		operator
		A
	(1) Recipient's own	
	account 32 trips	Own shipper or third party
		account
		Nature of the goods
		transported
		B
	Possible use of a generic vehicle	Products requiring a specific
			vehicle
	Homogeneity of the goods
		transported
		C
	General	Homogeneous
	merchandise	goods
	Logistic organization team	
	D	
	(9) Transportation by trips 44 trips	Messaging networks
	Transport operation in the
		courier network
		E

Table 1 .

 1 

	Level 1 Classification	Level 2 Classification
	Push-centric system	Manufacturer-based pick (manufacturer storage), Dis-
		tribution centre based pick (distributor storage), Lo-
		cal brick-and-mortar store-based pick (retailer stor-
		age)
	Pull-centric system	Local Brick and Mortar store
	Hybrid system	Information store (dematerialisation) Attended collec-
		tion delivery point (CDP-A) (click-andcollect/ pick-
		up centre/ clicks-and-mortar/GRP), Unattended col-
		lection delivery point (CDP-U) (RB/ULB)

enumerate five aspects, which according to them are fundamental in determining the nature of the last mile; 1. Consumer Service Levels: Consumer service levels can significantly affect the efficiency of the supply chain, including through such sub-characteristics or proxy variables as delivery windows, delivery lead times, delivery frequency and the possibility of returning goods or packages to sender. Mentioning delivery windows, the authors note mention a simulation carried out in a study by Boyer and colleagues, where they simulated various effects of delivery window size to gain on vehicle routing. To this end, they made use of Fleetwise Monitor by Descartes, a 1: Two levels of classification of distribution structures in Last Mile Logistics. Source

  • Communal reception boxes: As individual drop boxes described above are inappropriate for apartment blocks, sometimes communal reception facilities comprising banks of lockers have been developed. These employ luggage locker technology that has been extensively used in railway stations and airports around the world.

3. Collection Points: This type of unsecured reception involves leaving the package at another location for collection by the customer (Collection Points); By definition, a collection (or "pick up") point has a different address from the purchaser's place of residence. It can be very close to the residence (e.g. next door neighbour), be within walking distance (e.g. local post office) or far enough away to require a separate car or bus journey (e.g. purpose-built collection centre). Market surveys conducted by Verdict Research in 2001 in the UK, suggest that leaving goods with neighbours is by far the most popular form of unattended delivery, preferred by around two thirds of consumers.

  Between the examples of Koenigsegg Agera RS, the fastest production car in the world (at the time of writing) with a top speed of 447.19 km/h and the all electric Tesla Model S Long Range Plus with a range of 540 km, this development is evident.

	2.2 Autonomous, Electric, Connected and Shared
	Vehicles

2.2.1 The evolution of cars

1908 saw the world's first mass produced car; Ford's Model T.

[START_REF] Brooke | Ford model T: The car that put the world on wheels[END_REF]

. Since, cars have have improved in conceivably all aspects; safety, comfort, efficiency, power and design.

  © 2021 SAE International. The summary table may be freely copied and distributed AS-IS provided that SAE International is acknowledged as the source of the content.

		SAE LEVEL 0 TM	SAE LEVEL 1 TM	SAE LEVEL 2 TM	SAE LEVEL 3 TM	SAE LEVEL 4 TM	SAE LEVEL 5 TM
		You are driving whenever these driver support features	You are not driving when these automated driving
	What does the human in the	are engaged -even if your feet are off the pedals and you are not steering	features are engaged -even if you are seated in "the driver's seat"
	driver's seat have to do?	You must constantly supervise these support features; you must steer, brake or accelerate as needed to	When the feature requests,	These automated driving features will not require you to take
			maintain safety		you must drive	over driving
			Copyright © 2021 SAE International.	
		These are driver support features	These are automated driving features
		These features	These features	These features	These features can drive the vehicle	This feature
		are limited	provide	provide	under limited conditions and will	can drive the
	What do these features do?	to providing warnings and momentary	steering OR brake/ acceleration	steering AND brake/ acceleration	not operate unless all required conditions are met	vehicle under all conditions
		assistance	support to	support to			
			the driver	the driver			
		• automatic	• lane centering	• lane centering	• traffic jam	• local driverless	• same as
	Example Features	emergency braking warning • lane departure • blind spot warning	OR • adaptive cruise control	AND • adaptive cruise control at the same time	chauffeur	taxi • pedals/ steering wheel may or installed may not be	level 4, but feature conditions can drive everywhere in all

Copyright

Table 4 .

 4 1: Interviews conducted

	Name	Designation	Organisation
	Individual 1	Directeur Executive Operations	Firm 1
	Individual 2	Agent du Manutention	Firm 2
	Individual 3	Manager	Firm 2
	Individual 4	Driver/Deliverer	Firm 2
	Individual 5	Driver/Deliverer	Firm 2
	Jean Louis Carassco	Directeur Logistique Urbaine	La Poste
	Individual 4	Engineer -Costing Service	La Poste
	Individual 5	Directeur Supply Chain E-Commerce France	Firm 3
	Individual 6	Chief Digital and Marketing officer E-Commerce France Firm 3
	Individual 7	Managing Director -Retail	Firm 4
	Individual 8	Director Public Affairs and Sustainability	Firm 4
	Individual 9	Head of Courrier Operation	Firm 4
	Individual 10	Head of Product	Firm 4
	Louis Morasse	Design Director -LCV Range	Groupe Renault
	Pierre Eykerman	Chargée du Logistique Urbain	Groupe Renault
	Laurence Montaneri	Head of EZ Flex Project	Groupe Renault
	Jean-Philippe Bellaiche CEO	Last Mile Autonomous Delivery
	Eric Ballot	Professeur, Logistics	Ecole des Mines
	Individual 11	Manager-North India	Firm 5, India
	Patrick Neirat	Manager-North India	Université Gustav Eiffel
	Laetitia Dablanc	Chargée du Recherche	Université Gustav Eiffel
	François Combes	Directeur du Laboratoire SPLOTT	Université Gustav Eiffel

Table 5 .

 5 1: Warehouse rent as a function of distance from the center. Based on data above 2 this can be expressed as;

	Departments Rent (€ with-	Rent (€ with-	Average	Distance
		out	taxes	or	out taxes or	Price	from
		charges/m²/year)	charges/m²/day)	(€/m²)	Paris
							(km)
	Paris -75	392			1.074	8 144	0
	Hauts-de-Seine	139			0.380	2 817	10.23
	-92					
	Val-de-Marne -	122			0.334	2 318	11.35
	94					
	Seine-Saint-	109			0.298	1 888	11.65
	Denis -93					
	Yvelines -78	93			0.255	1 436	39.35
	Essonne -91	93			0.255	1 566	46.51
	Val-d'oise -95 92			0.252	1 497	26.89
	Seine-et-Marne	90			0.246	1 446	47.51
	-77					

Table 5 .

 5 3 . 2: Size of warehouse and corresponding number of employees.

	Warehouse Size ( Square Meters) Number of Employees
	7500	37
	15000	61
	25000	90
	40000	135

Table 5 .

 5 Apart from rental costs, and wage costs to employees, there are other costs in running a warehouse. These include, but are not limited to equipment costs, 3 electricity costs and maintenance costs. Equipment costs include the costs of sorting machines, or Automated Storage and Retrieval Machine, which are extremely expensive.All other costs, not indicated by rent or employment costs are represented by the greek letter δ. The unit is euros.

	5.1.3 Other costs in a warehouse: Equipment, Elec-
	tricity, Maintenance etc.

Table 5 .

 5 4: Variables used to determine the number of deliveries per day

	Variable	Description	Unit
	n	number of stops in a day	-
	dps	deliveries per stop	-
	dps coef f	time coefficient if more than 1 deliver-	-
		ies per stop	
	t lod	length of day	hours
	t loading	time to load vehicle	hours
	t delivery	time per delivery	hours
	d wf d	distance of warehouse to first delivery kilometers
	d bd	average distance between deliveries	kilometers
	s wf d	average speed between warehouse and	kilometers per hour
		delivery area	
	s bd	average speed between deliveries	kilometers per hour
	v autonomy	vehicle autonomy	kilometers
	v volumecapacity	vehicle volume capacity	cubic meters
	v weightcapacity	vehicle weight capacity	kilograms
	p vol	average shipment volume	cubic meters
	p wt	average shipment weight	kilograms
	5.2.1 An algorithm to determine number of deliveries
	that a vehicle can accomplish in a day

Table 5 . 5

 55 

: Some characteristics of different vehicles

Table 5 .

 5 .6; 

	Variable	Description		Unit
	price purchase	Purchase price of vehicle	Euros
	price resale	Resale price of vehicle	Euros
	npv resale	Net present value of resale price of ve-	Euros
		hicle		
	cost insurance	Cost to insure the vehicle per time pe-	Euros
		riod			
	total insurance	Cost to insure the vehicle over its life Euros
	t ownership	Time period of ownership of vehicle	Years
	r depreciation	Yearly depreciation rate	-
	r insurance	Yearly insurance rate	-
	i	i th time period	-
	days tp	working days in a time period	-
	6: Variables used to determine the component of the TCO indepen-
	dent of distance				
	The following formulae are used to calculate the component of the TCO
	independent of the distance travelled;
	cost resale = cost purchase *	100 -r depreciation 100	t ownership	(5.35)
	npv resale = cost resale *	1 1 + r interest /100	t ownership	(5.36)
	total insurance =	t ownership i=1	cost insurance *	1 1 + (rate interest /100) i	(5.37)
	tco independantof distance =	cost purchase + total insurance -npv resale days tp * t ownership	(5.38)

  Autonomous, Electric, Connected and Shared vehicles might add value in Last Mile Logistics.

	Chapter 6
	Does the use of AVs add value
	for LMDs? Results and Discussion Part III
	The Score: Results, Discussion
	"However beautiful the strategy, and Conclusion you should occasionally look at
	the results."
	-Winston Churchill
	"Either you win or you learn.
	You never lose."
	Found on a quotes
	website

Table 6 . 2 :

 62 Differences between scenariosWithin each scenario, results are presented according to market segment. Due to the various operating constraints imposed by differing market segments, different vehicles perform differently. To represent the results, four graphs are used, used in two steps.

	Scenarios	Purchase Costs		Losses	Costs	Level	of	Driver
					Linked to	Linked to	Service	Wage per
					Driver Ex-	Remote	Penalty	Hour
					perience	Operators	
	Scenario 1	SDAV = 250000	MDAV = 300000	None	None		None	11.17 €
	(Median)						
	Scenario	SDAV = 250000	MDAV = 300000	20% loss of	1	remote	1.5,3 and 5	11.17 €
	2	(Pes-			deliveries	operator for	Euros acc.
	simistic)			per day	20 vehicles	to Market
								Segment
	Scenario	SDAV = Price of Cargo Bike (7,890 Euros) MDAV = Price of Electric Van (64,643 Euros) 20% loss of	1	remote	1.5,3 and 5	11.17 €
	3	(Opti-			deliveries	operator for	Euros acc.
	mistic)			per day	20 vehicles	to Market
								Segment

Table 6 .

 6 3: Additional scenarios 6.3.1 Scenario 4: Young, fit, agile and mobile customers

	Scenarios		Purchase Costs(Euros)	Losses	Costs	Level	of	Driver
				Linked to	Linked to	Service		Wage per
				Driver Ex-	Remote	Penalty		Hour
				perience	Operators		
	Scenario 1	SDAV = 250,000	MDAV = 300,000	None	None		None		11.17 €
	Scenario 2	SDAV = 250,000	MDAV = 300,000	20% loss of	1	remote	1.5,3 and 5	11.17 €
				deliveries	operator for	Euros acc.
				per day	20 vehicles	to Market
							Segment	
	Scenario 3	SDAV = Price of Cargo Bike (7,890) MDAV = Price of Electric Van (64,643) 20% loss of	1	remote	1.5,3 and 5	11.17 €
				deliveries	operator for	Euros acc.
				per day	20 vehicles	to Market
							Segment	
	Scenario 4	SDAV = Price of Cargo Bike (7,890) MDAV = Price of Electric Van (64,643) 20% loss of	1	remote	None		11.17 €
				deliveries	operator for		
				per day	20 vehicles		
	Scenario 5	SDAV = Price of Cargo Bike (7,890) MDAV = Price of Electric Van (64,643) 20% loss of	1	remote	None		80 cents
				deliveries	operator for		
				per day	20 vehicles		
	Scenario 6	SDAV = Price of Cargo Bike (7,890) MDAV = Price of Electric Van (64,643) 20% loss of	1	remote	None		80 cents
				deliveries	operator for		
				per day	20 vehicles		

Table B .

 B 1: Cost values linked to various vehicles

	RENAULT	60,050	8	8	1121	164	15.5	33	6	0.065	576	74	Electric Van
	MASTER												
	Z.E. 33 PC-												
	TN Furgone												
	VW	e-	69,500	8	8	1121	164	21.5	33	6	0.065	841	74	Electric Van
	Crafter 35												
	136	CV												
	PM-TA													
	Furgone													
	Iveco Daily	95,780	8	8	1121	164	15.5	33	6	0.065	576	74	Electric Van
	35S60EV												
	PC-TN													
	Furg.El.Bl.Pwr												
	1Bat													
	LDV EV80	69,579	8	8	1121	164	15.5	33	6	0.065	576	74	Electric Van
	Maxus		47,500	8	8	1121	164	15.5	33	6	0.065	576	74	Electric Van
	EV80													
	Streetscooter	45,450	8	8	1121	164	15.5	33	6	0.065	576	74	Electric Van
	Work Box L												
	40 kWh													
	Electric		7980	5	1	150	50	2.4	1.44	8	0.08	200	0	Electric Bike
	Cargo Bike												
	Yokler													
	Electric		7800	5	2	200	40	2.4	0.6	5	0.043	200	0	Electric Bike
	Cargo Bike												
	WeLove													

https://www.nuro.ai/

https://www.starship.xyz/

https://www.udelv.com/

https://www.euro.who.int/en/health-topics/health-emergencies/ coronavirus-covid-19/novel-coronavirus-2019-ncov

The French Institute of Science and Technology for Transport, Development and Networks. In French: L'Institut français des sciences et technologies des transports, de l'aménagement et des réseaux. Now Univertsié Gustav Eiffel.

At the outset, it was very clear that this thesis focuses on the transport of goodsnot people -by autonomous vehicles. Further, it was determined that it focuses on the transport of goods inside cities, and not the long haul road transport of goods, potentially by autonomous trucks

. 7 https://waymo.com/company/

This line of questioning was soon abandoned because mobile workers -painters, plumbers, nurses, etc.-use their vehicle as an office of sorts; all their tools are inside.

The human child has, at the moment of this scenario, no adult supervision and is thus free to consume as much of the beverages as pleases him.

https://blog.adobe.com/en/publish/2021/09/15/adobe-digital-economyindex-ecommerce-hits-new-milestone-online-prices-continue-rise

This, along with the fact that perhaps, for many studies, a theoretical understanding of the subject is sufficient, may explain the lack of such data in the literature.

https://www.un.org/en/climatechange/science/key-findings#physicalscience

14 https://www.ecologie.gouv.fr/adaptation-france-au-changementclimatique

For the purposes of this thesis, this refers to only purely electric vehicles. Hybrid vehicles, vehicles propelled by natural gas or hydrogen cells, solar powered vehicles, etc. do not enter the analysis.

It does not, however, capture the difference between public and private efficiency.

In France, the profession of "coursier" refers to the act of transporting some goods from an origin to a destination, without any transshipment or groupage ("end-to-end transportation"). This market is occupied by companies specialized in urgent end-to-end transportation and sometimes specialized in one kind of goods (administrative documents, high value products. . . ). To match with the goods transported and the geographic scale of the operation, the "coursiers" can use a large range of vehicles, from tractor-trailer to bikes (mostly light vehicle in urban areas). They can operate step by step, or in rounds.

For a shipment in a hub and spoke network for example, at least seven operations, of which at least four transport operations, can be distinguished: pick-up round, crossdocking at the shipping terminal, primary line-haul, cross-docking at the central hub, secondary line-haul, cross-docking at the receiving terminal and delivery tours. The major advantage of groupage networks is that it enables carriers to obtain substantial economies of scale, with consolidated transport between terminals (line hauls). Line hauls can serve only two terminals or more.

The problems contribute to high delivery failure and empty trip rates, which substantially affect cost, efficiency, and environmental performance. A solution to the not-at-home problem is delivering during a time window specified by the customer, as if this window is not predetermined, the failure rate of the delivery will be high as the customer will not be at home, and the delivery will have to be reattempted 2-3 times, drastically increasing the costs. However, the authors point out that the implementation of this solution reduces routing efficiency, while increasing the distance travelled for the delivery of the same number of parcels.

this is the purview of this thesis,

A short note about the mass of the vehicle: the mass being referred to here is the mass of the empty vehicle along with the merchandise, driver and fuel. In other words, to conform to EU regulations, the combination of the vehicle merchandise, driver and fuel must weigh less than 3.5 tonnes when being operated. In french, this is referred to as the 'poids total autorisé en charge (PTAC)'.

this refers to battery electric vehicle, not hybrid, plug-in hybrid or fuel cell vehicles.

Another vehicle, which closely resembles these vehicles is a lorry, with a maximum mass of 7.5 tonnes. This vehicle is also widely used in the transport of goods inside cities. This is the vehicle class N 2 according to EU regulations.

this may very well be a tri or quad cycle, but the in this thesis only bicycles are analysed

or of a subcontracted enterprise.

Note that this is quite different for transport with semi trailers where the foods are loaded and unloaded by handlers, while drivers quiet commonly do not touch the freight. This comes with complicated questions, such as the shippers' responsibility if the freight is not properly secured.

The term 'disruption' is not used here or in this thesis. This is due to the fact that 'dis-

ruption' comes from Clayton Christenson's theory on Disruptive Innovation[START_REF] Clayton M Christensen | The innovator's dilemma: when new technologies cause great firms to fail[END_REF]. The innovation of Autonomous Vehicles doesn't meet the criteria of a 'disruptive innovation' but rather that of a 'sustaining innovation'[Institute, 2019].

as is evident in the financement of this PhD

The analysis assumes three AV market-penetration shares: 10%, 50% and 90%. These are assumed to represent not only market shares, but technological improvements over time, since it could take many years for the U.S. to see high penetration rates.

Said questions are detailed later on in this chapter.

The question in its complete form is "Faced with the new technology of AECS vehicles and their potential use in Urban Logistics, notably in the Last Mile, which calls for a new strategy regarding LCVs design and sales, what should be the strategic response of Groupe Renault"

In their analysis, they exclude drones, robots built for indoor purposes and all vehicles similar to

regular 4-wheeled road-based vehicles for passenger or goods transport and use the terms autonomous/automated to include all vehicles of automation levels 3 (automated) and 4 (autonomous).

Due to confidentiality reasons, this report cannot be shared. However, the classification that is used here corresponds entirely to that in the report.

As an example, consider a particularly time sensitive customer. He is willing to pay substantially more and cover the last meters of the last mile himself, in order to benefit from ultra quick deliveries these vehicles might promise.

It is also much more cost effective to model things than to blindly test assumptions by implementing them at an industrial scale...

At Firm

2, 'managers' are personnel that are responsible for generating and allocating

This is akin to Uber -the platform of Firm

connects courier demand with courier supply

When a retail shop (like the shop in this example) requests a courier, this operation classifies as a 'retail' operation. However, if for the same delivery, the courier was requested by the final client and not the shop, then it would not be a retail operation, albeit the origin and the destination would be the same. This is due to the fact that any given retail shop can have many dispatches over the day, and thus benefit from a special pricing structure, not accessible to individuals.

https://k-ryole.com/en/electric-bike-trailers/

https://ashokleyland.com/in/en/products/light-commercial-vehicles/ dost-cng

For the duration of this manuscript, when used, the term 'parcel' represents a physical object of some value (commonly referred to as the 'the good' ) enclosed in a polyhedron (usually with 6 faces) generally made of heavy-duty paper-based products (commonly referred to as 'cardboard') having greater thickness and superior durability or other specific mechanical attributes to paper (such as foldability, rigidity and impact resistance). In other words, it is used in its informally accepted meaning in the context of urban logistics.

This occurs as there is competition for access to land in the center of cities, for business, residential, and other uses. The intricacies of the land market will not be discussed in this PhD; the interested reader is referred to, for example,[START_REF] Fujita | Urban economic theory[END_REF]].

https://www.statistiques.developpement-durable.gouv.fr/sites/default/files/2019-03/datalab-essentiel-169-entrepots-plateformes-logistiques-2016-mars2019.pdf

 9 While, in the event of a return collection round the vehicle can be empty, the analogy of two acts still holds

Source:https://www.service-public.fr/particuliers/vosdroits/F1911

and the supervisors of this PhD

It is possible that if a remote operator is assigned the same geographical region, he may also, over time, develop a body of latent knowledge enabling him to make more efficient delivery rounds. Only the adoption of autonomous vehicles and time will tell.

This assumption has little to no impact on the numerical results. The warehouse can be rented or owned; if it is owned, it comes with a capital opportunity cost that is financially equivalent to a rent. The two ownership regimes aren't exactly identical, but the differences are irrelevant to the work presented here.

from property rental site: https://www.bureauxlocaux.com/prix-marche/ entrepots

Retrieved from: https://www.statistiques.developpement-durable.gouv.fr/ sites/default/files/2019-03/datalab-essentiel-169-entrepots-plateformeslogistiques-2016-mars2019.pdf

https://fr.indeed.com/cmp/Chronopost/salaries/Chauffeur-Livreur-en-V%C3%A9hicule-L%C3%A9ger

 5 https://fr.indeed.com/cmp/Topchrono/salaries/Chauffeur-

Livreur 6 https://www.glassdoor.fr/Salaire-mensuel/La-Poste-Livreur-Paris-Salaire-mensuel-EJI_IE6338.0,8_KO9,16_IL.17,

22_IM1080.htm 7 https://fr.talent.com/salary?job=chauffeur+livreur#:$\sim$:text=Le% 20salaire%20m%C3%A9dian%20pour%20les,ou%2011.37%20%E2%82%AC%20par%20heure.

area van /0.8 = 0.00875

https://www.cnr.fr/en/espaces/13/indicateurs/43?noContext=1

https://services.totalenergies.fr/pro/total-me-conseille/batiment/tarifs-electriciteprofessionnels-2019

it cannot, however, choose how its customers are spatially located (this line of reasoning considers that customer density is exogenous).

Figure 6.8: Most competitive vehicle-warehouse location combination for given customer densities in Scenario 3. Construction of Author.

as -after promising a lead time -they are not necessarily able to wait for the arrival of another order without overshooting the delay associated with the first order.

These are particularly suited as for use in LML as they have been designed for it.

or PhD. In the real world, map makers are easy to identify as they have either Dr. before their name, or PhD at the end of it. However, not all Doctors are of the mapmaking kind, and not all doctors of the mapmaking kind are aware that they are mapmakers.
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Demand categories/Market Segments

Demand categories have been described in the last chapter. These are modelled under the following assumptions;

• Vehicles are subject to different constraints depending on the market segment they cater to;

-Vans of different volume capacities used in different market segments. Parcels use van with capacity of 3.5 m3, Groceries and B2B of 8m3. This is as larger vans are used for the B2B and Groceries market segments.

-Purchase and Energy costs for Grocery Market Segments are assumed as 1.2 times that of B2B segment due to refrigeration.

• The costs of SDAVs are taken as 7,890 euros or 250,000 euros, and of MDAVs as 64,643 euros 300,000 or as 300,000 euros. This compares the current scenario 14 where AVs cost hundreds of thousands of euros 15 , and the future scenario, where they might cost much, much less 16 . The costs vary per scenario, and are detailed in results section.

Cost Penalties associated with the use of Autonomous Vehicles

The use of AVs will entail changes in the operating process. The changes are listed below. In the model, these changes take the form of additional costs, which are added to the cost per delivery. In the results section, the addition of these costs is clearly demarcated. These are;

• Losses stemming from lack of efficiency gains linked to driver experience: As the use of AVs implies the lack of a driver, the efficiency The Groceries market segment is characterised by refrigerated vehicles, which are more expensive to purchase and operate, and longer delivery times. The results are presented in Figure 6.3. With the warehouse located at 1 kilometer away from the first delivery, according to the customer density, different vehicles offer the least cost per delivery. When the customers are very close together (less than 1 kilometer apart), the Multiple Delivery Autonomous Vehicle is the most competitive. At distances between 1.5 km and 5 km, deliveries by cargo bike are the least expensive. Consider the cost of delivery offered by a cargo bike, when the warehouse is located 10 km away, the cost per delivery seems to not increase as a function of distance between deliveries till about 2.5 km. This, and other such irregularities in the cost per delivery curves result from various operating constraints. In this case, owing to the operating constraints, the cargo bike makes the same number of deliveries for customer densities till 2.5 km, thus the cost per delivery does not increase much. When the warehouse is located 10 km and 30 km away, deliveries by a diesel van are the least expensive.

Appendix A A note on the gathering of data

This preface contains a comment elucidating the gathering of data over the course of this PhD. Initially written as a part of Subsection 3.2.3, it is moved here as -while it is an amusing read -it is not critical to the development of the narrative. It justifies why the data was gathered in the manner that it was gathered.

Over the course of this PhD, data from three sources was gathered. These were academic journals, interviews with professionals, and field visits of logistic facilities.

The data from these sources was gathered, at times parallelly, and at others, sequentially. Put in another way, during the course of this thesis, opportunities were made as required, and seized as presented. This was due to two reasons. The first being not knowing where to look. The second is a mix of real world constraints and chance.

• Not knowing where to look. Consider the following analogy. An individual finds himself in a dark space of a spread over many square kilometers, that he has not been before. He is tasked with making a map of this territory. The only tool at the disposal of the individual is a weak flash light. Using this weak flash light, the individual must map out the territory. While in this space, nothing extraordinary happens (i.e. there are no supernatural phenomena, all occurrences confirm to the laws of observed physics, etc.