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Problem. The aim is to align production and storage decisions with vessel demands, ensuring consistency in decision-making.
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Abstract

The port logistics chain is a very sensitive link in a global supply chain. It strongly conditions the performance of integrated logistics chains involving maritime transport to distribute products in the global marketplace. Meeting delivery dates and reducing the costs of port operations while considering the port productivity, are essential points in the maritime sector.

Consequently, the sound management and control of the port logistics chain constitute a strategic challenge and key factor of competitivity. The problem then arises of how to improve the planning of port operations. Thus, this thesis aims to develop decision support models to ensure an effective and efficient management of tactical and operational port operations.

First, we integrate three main decision problems related to seaside operations in ports due to the strong interrelations existing between them: the Laycan Allocation Problem (LAP), the continuous dynamic Berth Allocation Problem (BAP) and the time-invariant Quay Crane Assignment Problem (QCAP). We consider several characteristics and constraints rarely studied together, such as the multiplicity of quays, the variation of water depth, navigation channel restrictions related to tides, charter party clauses and non-working periods. Then, we extend the integrated problem to the Specific Quay Crane Assignment Problem (QCASP), which includes the assignment of a set of specific quay cranes to each vessel considering the productivity of quay cranes and their maximum outreach.

Second, we integrate the LAP and the hybrid dynamic BAP in the context of bulk ports considering the common characteristics and constraints of ports cited above, as well as specific bulk port characteristics and constraints. These are mainly the conveyor routing constraints between storage hangars and berthing positions under preventive maintenance activities and the multiplicity of cargo types on the same vessel. Since each berthing position has a fixed bulk-handling crane, QCAP decisions are not addressed in the case of bulk ports.

Third, since there is a strong interaction between production, storage, and port operations, we develop a DSS for planning these three successive echelons in a fertilizer supply chain. This planning tool encapsulates an existing production scheduling model, the berth scheduling model for bulk ports, and a new model for the Storage Space Allocation

Résumé

La chaine logistique portuaire est un maillon très sensible au sein d'une chaine logistique globale. Elle conditionne fortement la performance des chaînes logistiques intégrées faisant appel au transport maritime pour distribuer des produits sur un marché mondial. Le respect des délais de livraison et la réduction des couts des différentes opérations portuaires tout en tenant compte de la productivité du port sont essentiels dans le domaine maritime. Par conséquent, la bonne gestion et la maîtrise de la chaine logistique portuaire constituent un enjeu stratégique et facteur clé de compétitivité. Se pose alors la question de savoir comment peut-on améliorer la planification des opérations portuaires. L'objectif de cette thèse est ainsi de développer des modèles d'aide à la décision pour assurer une gestion efficace et efficiente des opérations portuaires tactiques et opérationnelles.

Premièrement, nous avons intégré trois problèmes liés à la gestion portuaire vu les fortes interrelations qui existent entre eux : le problème de l'allocation des planches, le problème de l'allocation des postes à quai sous sa version continue et dynamique et le problème de l'allocation des grues de quai sous une version ne variant pas en fonction du temps. Nous avons pris en compte plusieurs caractéristiques et contraintes rarement étudiées ensemble comme la multiplicité des quais et la variation de leur profondeur, les restrictions de passage des navires par les chenaux de navigation liées aux marées, les clauses contractuelles de la charte-partie et les périodes de non-travail. Ensuite, nous avons étendu le problème intégré au problème de l'allocation des grues de quai spécifiques. Ce dernier consiste à allouer un ensemble de grues de quai à chaque navire en tenant compte de la productivité et la portée des grues de quai.

Deuxièmement, nous avons intégré le problème de l'allocation des planches et le problème de l'allocation des postes à quai sous sa version hybride et dynamique dans le contexte des ports vraquiers. Ce problème intégré prend en compte les caractéristiques et les contraintes communes des ports, citées précédemment, ainsi que celles spécifiques aux ports vraquiers, à savoir les contraintes d'acheminement par convoyeur entre les hangars de stockage et les postes à quai avec des activités de maintenance préventive et la multiplicité des types de marchandises dans un même navire.

Troisièmement, vu la forte interaction entre les opérations de production, de stockage et du port, nous avons développé un système d'aide à la décision pour la planification de ces trois maillons successifs dans une chaine logistique d'engrais. Cet outil de planification Table 3. 
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Introduction

This chapter provides a general overview of maritime transport and ports and certain optimization problems related to port management in dealing with the increasing demand for higher port efficiency and productivity. Then, we present the industrial context, the problem statement, and the objectives of this thesis. Finally, we detail the structure of this thesis and the main contributions of each chapter.

General context

Maritime transport is the most important means of transportation in the world as it is recognized as the heart of global trade and economy. Twenty-four hours a day all year round, vessels carry merchandise to the four corners of the world. Globalization as we know it today would not have been possible without maritime transport. Moreover, it will be indispensable in a sustainable future global economy as it is more climate and environment friendly when compared with other modes of transportation like rail and road freights (Figure 1.1). More than 80% of world merchandise trade by volume is carried by sea and is handled by ports (UNCTAD, 2020). The role of ports is crucial in maritime transport. They constitute a major economic activity, bringing varying degrees of benefit to the international, regional, and local economies in which they operate. Furthermore, ports are facing increasingly bigger challenges particularly since there has been a spectacular growth in the size of vessels recently. Container-carrying capacity has increased by around 1 500% since 1968 and has almost doubled over the past decade. Figure 1.2 shows the rapid evolution of container ships from 1968 until today. Moreover, according to a survey by [START_REF] Notteboom | The Time Factor in Liner Shipping Services[END_REF], port congestion causes about 65% of delays in ocean shipping. Consequently, the improvement of port operation efficiency is crucial and indispensable to deal with the enormous scale of maritime trade and the growing congestion of vessels experienced at ports and to keep ports organized, supervised, and functioning. High volumes of cargoes, each with its own specific handling and storage requirements, are transported and stored in ports for export and import every day. Five types of cargo can be distinguished: dry bulk, liquid bulk, container cargo, breakbulk and Ro-Ro.

• Dry bulk includes goods that are transported unpackaged in the vessel's hull, generally in large volume, such as fertilizers, minerals, cement, iron ore and coal. Bulk cargo is carried in bulk carriers, also called bulkers, that represent the largest share of the world fleet (Figure 1.3).

• Liquid bulk includes fuel oil, petrol, and crude oil. These hazardous goods are shipped in tankers that represent the second-largest share of the world fleet.

• Container cargo can be anything, from coffee beans to computers. These goods are stored in standardized containers and carried in container ships. Containerization revolutionized the shipping industry and changed the world as it made complex supply chains possible. Indeed, it has simplified the whole logistical process as containers could be moved seamlessly between vessels, trucks, and trains. Container ships represent the third-largest share of the world fleet.

• Breakbulk cargo refers to cargo that requires individual loading such as art, household furniture, farm machinery, and vehicle parts. These goods are shipped in general cargo ships.

• Ro-Ro includes rolling stock such as machines and vehicles. They are carried in Ro-Ro vessels. This research mainly focuses on container and dry bulk ports. Container ports or container terminals (a port may consist of one or more terminals) can be divided into three sections illustrated in Figure 1.4:

• Seaside includes the vessel, the berthing position in the quay and the internal transport area.

• Yard-side also called storage yard includes the stored containers. The latter can be destined to import, export or transshipment.

• Landside includes external transport area and the gate.

Each transport and handling equipment can operate in one or several sections of the container terminal. Bulk ports can also be divided into the same three sections as in the case of container terminals. However, the main differences lay in transport and handling equipment. In container ports, all cargo is packed into standard containers, and thus there is no need for any specialized equipment to handle any particular type of cargo. In contrast, cargo is not packaged in bulk ports, and a wide variety of transport and handling equipment is used depending on the vessel requirements and cargo properties. Indeed, dry bulk cargoes are handled using fixed ship loaders/unloaders and are transferred between the seaside and yardside using conveyors, while liquid bulk cargoes need pipelines. Unlike bulk cargo, containers are handled using mobile quay cranes and are transferred between the seaside and yard-side using internal vehicles such as straddle carriers, yard trucks and automated guided vehicles.

Another main difference is that bulk terminals are usually operated by a single company that also owns the cargo, whereas container terminals have multiple users since they handle containers for several owners.

Among the key stakeholders in the maritime transport sector are shipowners, charterers, and port operators. The freight contract which binds the shipowner, owner of the vessel, and the charterer, cargo owner, is called a "charter party". In this chartering contract, the shipowner agrees to rent out his vessel to the charterer to move cargoes from one point to another. The laycan and the laytime are among the main clauses in a charter party.

The laycan is an abbreviation for the "Laydays and Canceling" clause that establishes the earliest and latest dates for the commencement of the charter. Once the vessel has arrived at a port, the charterer then assumes responsibility for the loading/unloading of cargo, and he has a period of laytime in which to carry this out. If the charterer fails to complete the work during this allotted time, then a penalty called "demurrage" is incurred to the shipowner.

However, if the charterer requires less than the defined laytime, the shipowner might be required to pay a refund called "despatch" to the charterer. These chartering terms are shown Figure 1.5. Finally, the port operator is the cargo handler in the port. He manages the port resources in a way that ensures smooth transition of cargo so that it reaches its destination on time. More details about charter party clauses and the main stakeholders will be provided in Section 3.1 Once the charter party is signed between the charterer and the shipowner, the latter must arrive at the loading port during the concluded laycan. An expected time of arrival (ETA) is sent from the shipping line of the vessel to the port operator in advance. If the port is busy, the vessel must wait outside at the harbor for a berth to become available. Otherwise, the vessel is directly berthed in its assigned berth, and then the port operator starts loading goods into it. When loading operations are completed, the vessel leaves the loading port to sail towards the unloading port. Similarly, the loaded vessel is berthed and then the port operator starts unloading goods from it. A typical vessel cycle is shown in Figure 1.6.

Figure 1.6: Vessel cycle

Port management performance is related to both the respect of contractual clauses and the optimal use of port resources. Considerable benefits could be gained by improving and optimizing port operations. In this thesis, we study the following decision problems related to port management.

• The Laycan Allocation Problem (LAP) refers to the tactical problem of assigning berthing time windows to new vessels to charter within a medium-term planning horizon considering the availability of cargo and port resources. It aims to support the negotiation process between shipowners and charterers.

• The Berth Allocation Problem (BAP) has three planning levels: operational, tactical, and strategic. In this thesis we focus only on the operational version of the BAP.

-The operational BAP, also known as the Berth Scheduling Problem, refers to the problem of assigning berthing positions and times to every vessel projected to be served within a short-term planning horizon considering vessel and port constraints.

-The tactical BAP, also known as the Berth Template Problem, generally covers a longer planning horizon. In this version, a group of berths is exclusively allocated to specific shipping company.

-The strategic BAP determines the number, the length and the location of berths and quays that should be available at the port during the initial development of the port or when an expansion is considered.

• The Quay Crane Assignment Problem (QCAP) refers to the operational problem of assigning a set of quay cranes to every vessel projected to be served within a shortterm planning horizon with the aim of making the most efficient use of them. The assignment must respect the number of cranes available at the quay and the minimum and maximum number of quay cranes allowed for each vessel. This problem is mostly considered jointly with the BAP.

• The Specific Quay Crane Assignment Problem (QCASP) replaces the number of quay cranes in the QCAP by a set of specific quay cranes to be assigned to each vessel.

Since quay cranes are mounted on rails, they cannot cross each other. Consequently, working cranes may obstruct adjacent cranes from moving to serve other vessels.

Thus, the assignment must respect non-crossing constraints of quay cranes and their maximum outreach.

• The Storage Space Allocation Problem (SSAP), also called the Storage Location Assignment Problem refers to the operational problem of assigning storage locations to goods in a way that achieves optimal space utilization. The problem determines where and when goods will be stored.

Basically, the decisions related to the problems outlined above can be made in a sequentially; however, there are strong interrelations between them that must be taken into account. Figure 1.7 illustrates the hierarchy of these decision problems in a downward direction, as well as the feedback between them in an upward direction. Indeed, the allocation of laycans to new vessels to charter depends on the availability of port resources, mainly quays. If laycans are fixed independently, this can cause excessive overloading in the execution of port operations and high waiting times. In addition, the number and the productivity of quay cranes and routing constraints between storage spaces and berthing positions affect vessel stay times in the quays. Failure to account for all these existing interrelations will lead to decisions of poor overall quality, hence the interest in adopting integrated approaches to ensure supply chain alignment. The latter is considered as one of the major factors in improving global performance. The difficulty does not lie in optimizing the decisions of each supply chain echelon solely, but in optimizing the decisions across all the echelons, from the production of goods to their expedition. All this makes supply chain alignment inherently challenging.

We note that there are several other planning problems related to port management Dispatching Problem that assigns vehicles to containers in order to transport them between the seaside and yard-side, and others.

Industrial context

This research was conducted under the OCP Industrial Optimization Chair The Jorf Lasfar chemical platform is recognized as the largest fertilizer complex in the world, and its bulk port is recognized as the largest port in Africa for exporting phosphate and its derivatives. The main stakeholders of this platform are the "Supply Chain" team, which is responsible for the coordination and the planning of operations; the shipping agency, which is responsible for the consignment of vessels (i.e., organizing vessels' ports of call and tracking transported goods); the "Jorf Lasfar Phosphate Hub" team, which is responsible for the storage of raw materials, semi-finished and finished products; and finally, the production teams. These teams collaborate closely with the commercial team located in OCP's headquarters in Casablanca, which is responsible for evaluating the needs in raw materials and finished products to meet sales commitments and the affreightment of vessels. Figure 1.10 summarizes the decisions taken by these teams on a daily and weekly basis.

Every day, the maritime agency communicates the state of berthing positions and the evolution of vessel loading and unloading operations, the production entities communicate the achievements on the production of phosphoric acid and fertilizers and the state of production lines, and the "Jorf Lasfar Phosphate Hub" team communicates the state of stocks and the achievements on maintenance operations.

Every week, the "Supply Chain" team organizes a meeting called "Control Tower" between the different teams of the Jorf Lasfar chemical platform, given the strong interrelations between them. The objective of the meeting is to establish weekly production, berth, and storage plans based on the information collected from the different teams and the decisions taken by the commercial team about the needs in raw materials and finished products and the allocation of laycans to new vessels to charter. In addition, each team expresses its constraints and urgent needs during this meeting, such as the delays in receiving raw materials or the lack of storage capacities or phosphoric acid used in the production of fertilizers. The "Supply Chain" team carries out all the decisions on Excel and updates manually the production, berth, and storage plans at each new information (e.g., the laycan of a new vessel to charter) or unexpected change (e.g., change in vessel arrival times or handling times, machine breakdowns, quays, etc.), which can cause several adverse events during production, storage, and port operations. Moreover, each production team (phosphoric acid and fertilizers) tends to optimize its own performance, which disregards the benefits of the supply chain as a whole. Therefore, it is important to align planning decisions to synchronize the physical and information flows across the different supply chain echelons. Based on the bulk port of Jorf Lasfar (Figure 1.11), we study in this thesis several constraints and characteristics related to vessels and ports in general, particularly bulk ports, to be as close as possible to reality, such as the multiplicity of quays, the variation of water depth, the productivity of handling equipment, navigation channel restrictions related to tides, conveyor routing constraints between the seaside and yard-side, preventive maintenance activities, the multiplicity of cargo types on the same vessel, charter party clauses and nonworking periods. Since ports are strategic and indispensable links to the performance of OCP's global supply chain, raising the efficiency of ports and thus improving their productivity is a top priority for the group. Thus, this research project was launched with the goal of assisting OCP's decision-makers in ports to make planning decisions efficiently and effectively,

Problem statement

Mismanagement of port resources increases vessel waiting times, decreases resource utilization, which impacts the whole supply chain operations and the profit margins of stakeholders, and potentially the sustainability of the maritime sector. Moreover, seaside port operations have strong interrelations with yard-side operations, and failure to account for these interrelations may lead to poor and impractical results. This thesis aims to address the following questions:

• How can port resources be used efficiently and effectively while meeting charter party clauses and port constraints in the context of container and bulk ports?

• How can berth and production scheduling and storage allocation decisions be aligned to achieve global supply chain optimization?

To answer these questions, we design new innovative models integrating tactical and operational port management decisions in ports in general (Chapter 3) with an application to container ports. The results are then extended to bulk ports, which have specific constraints on the yard side (Chapter 4). Chapter 3 and Chapter 4, hence, answer the first research question.

4 https://www.challenge.ma/le-port-de-jorf-lasfar-vole-de-record-en-record-118383/ These two chapters focus on joint decisions related to the allocation of laycans, berths, quay cranes for container ports, and conveyors from hangars to berths for bulk ports. Chapter 5 is designed to answer the second research question in the case of bulk ports. The feasibility of the port operations planning generated previously relies on the decisions of the upstream supply chain. Consequently, we propose an integrated approach implemented in a Decision Support System (DSS) to optimize production, storage and vessel berthing decisions, ensuring production and storage decisions alignment with vessel demands, illustrated on a use-case of the Jorf Lasfar chemical platform.

Research outline and main contributions

This thesis is organized as follows (Figure 1.12): Chapter 2 describes the characteristics of the BAP and summarizes the state of the art addressing the BAP, alone or in an integrated approach, in the context of container and bulk ports. In addition, we review papers that consider real-world aspects in the BAP.

The following three chapters present the contributions of this thesis and are constituted by one accepted and two submitted papers, respectively.

As stated before, the strong interrelations between port decision problems require integrated approaches. Note that the optimal solutions proposed by the berth scheduling model for bulk ports presented in Chapter 4 may be infeasible because of the unavailability of cargo to be exported in vessels. Indeed, there is a strong interaction between production and port operations unless an important decoupling of these problems is done by high stock levels, which is an expensive solution, and even more so in case of a wide diversity of goods. Hence the idea of integrating port operations with the upstream supply chain to ensure supply chain alignment.

To this end, Chapter 5 presents an integrated DSS for planning the production, storage and bulk port operations in a fertilizer supply chain based on OCP's fertilizer supply chain at the Jorf Lasfar chemical platform. This planning tool encapsulates an existing production scheduling model that gives the optimal production plan of fertilizers in the Jorf Lasfar fertilizer plants, the berth scheduling model for bulk ports presented in Chapter 4, and a new model for allocating storage spaces. The latter model determines where produced fertilizers will be stored and from where the stored fertilizers are removed to be loaded in vessels while considering as constraints the optimal solutions of the production and berth scheduling models and conveyor routing constraints between production lines, hangars, and berthing positions. The objective of the DSS is to align production and storage decisions with vessel demands, ensuring consistency in decision-making and improving the supply chain performance.

Finally, Chapter 6 summarizes the main conclusions drawn from this thesis and suggests several directions for future research.

Publications related to this thesis are listed below.

• Publications in scientific journals:

-Bouzekri, H., Alpan, G., & Giard, V. (2021 -Bouzekri, H., Bara, N., Alpan, G., & Giard, V. (2021). An integrated Decision Support System for planning production, storage and bulk port operations in a fertilizer supply chain. International Journal of Production Economics, submitted.

• Publications in international conferences:

-Bouzekri, H., Alpan, G., & Giard, V. (2019). 

General literature review

Berth Allocation Problem (BAP) is the central problem in this thesis. Therefore, in this chapter we present a general overview of the BAP in the context of container and bulk ports, when modeled alone or in an integrated approach with other port operations problems. This chapter is not intended as a complete literature review on BAP. The aim is to present the problem characteristics in general and the various real-world constraints that are considered in recent scientific literature. We also highlight which one of these characteristics and constraints are considered in this thesis. More detailed literature reviews, specifically related to each chapter, and analysis grids to identify the research gaps are presented in the related chapters. In Chapter 3, the literature review focuses on papers integrating the BAP with quay crane assignment decisions; in Chapter 4, it focuses on papers studying the BAP in the context of bulk ports; and in Chapter 5, it focuses on papers integrating the BAP with storage decisions also in the context of bulk ports.

General characteristic of the BAP

In this section, we define the BAP, its main attributes, and the different methods that are used to solve it.

BAP definition

The BAP is one of the most relevant logistics problems arising in port management since it is a critical issue for efficient and effective seaside operations planning. It has been widely

studied in OR literature. In berth allocation problems, vessels arrive over time, and the port operator needs to assign them to berths in the quay, such that a given objective function is optimized, considering vessels and port constraints. Vessels must be moored within the quay 

BAP attributes

Several spatial and temporal constraints may be involved in berth allocation, which leads to a multitude of BAP formulations. Bierwirth andMeisel (2010, 2015) classify BAP papers according to four attributes, namely the spatial attribute, the temporal attribute, the handling time attribute, and the performance measure attribute.

Spatial attribute

This attribute concerns the berth layout, which restricts the possible berthing positions of vessels depending on a preset partitioning of the quay into berths. The following cases are distinguished (Figure 2.2):

• In the discrete case, the quay is partitioned into a number of berths, and each berth can receive only one single vessel at a time. This case is easier in scheduling, but the terminal usage is not fully efficient.

• In the continuous case, the quay is not partitioned, and thus vessels can berth anywhere within the boundaries of the quay. This case better utilizes the quay space but is more complicated in scheduling.

• Finally, in the hybrid case, the quay is also partitioned into berths like in the discrete case, but a large vessel may occupy more than one berth, and a berth can receive more than one small vessel. 

Temporal attribute

This attribute describes how arrival times of vessels are given as an input to the BAP. The following cases are distinguished:

• In the case of static arrivals, it is assumed that all vessels are waiting in the port to be served.

• In the case of dynamic arrivals, vessels arrive at individual in fixed times.

• In the case of cyclic arrivals, vessels come to the port repeatedly in fixed times intervals.

• Finally, in the case of stochastic arrivals, vessel arrival times are determined from random distributions.

Additional temporal constraints may fix a maximum waiting time or a maximum departure time not to be exceeded by each vessel.

Handling time attribute

Similar to the temporal attribute, the handling time attribute describes how handling times of vessels are given as an input to the BAP. They can be either fixed or variable. In the latter case, handling times can be impacted by the distance between berths and storage spaces or by quay crane assignment or scheduling decisions. As in the case of vessel arrivals, handling times can also be considered as stochastic input parameters. 

Performance measure attribute

This attribute is related to the performance measures covered by the BAP objective-function.

We note that most BAP models consider minimizing vessel stay times in the port by either minimizing the waiting time of vessels in the harbor, minimizing their handling times or their departure times. Economic objective-functions are also considered with the aim of reducing the different costs incurred during the berthing of vessels, which allow combining different goals in an overall cost function. Different weights are commonly used to set priorities between the different cots considered.

BAP resolution

The BAP is a NP-hard problem in OR, and therefore, a computationally difficult problem. To solve the BAP, alone or integrated with other problems, researchers in OR use either exact methods (e.g., column generation, branch-and-bound, branch-and-price, cutting-plane, Bender's decomposition, Lagrangian relaxation, etc.), heuristics/metaheuristics (e.g., Tabu search, greedy algorithms, simulated annealing, genetic algorithms, evolutionary algorithms, etc.), or simulation techniques, alone or combined with optimization. Genetic and Evolutionary Algorithms are the most frequently used. We note that some authors propose only new formulations for the BAP, using commercial solvers (e.g., CPLEX, Gurobi, FICO Xpress, etc.) without specifying any new solution method. This is our case in this thesis.

Indeed, the proposed mathematical formulations use many predicates to improve the computational performance of the designed models. A predicate is a logical expression that defines (restricts) the domain of an index by taking a value of "true" or "false", which binds the existence of decision variables, depending on the values of the parameters. Hence, the predicates act like a pre-treatment of the models based on the problem data and reduce the number of binary variables, and thus improve the computational performance of the models.

Consequently, problems of practical sizes can be solved in a reasonable time using off-theshelf commercial software, without a need for new solution methods. [START_REF] Nicolaou | Berth Planning by Evaluation of Congestion and Cost[END_REF] and [START_REF] Ronen | Approximate Expressions for Queueing Systems with Scheduled Arrivals and Established Service Order[END_REF] are among the first works dealing with the BAP using queuing theory. However, their approach failed to capture several problem attributes, mainly the space attribute associated with berthing. By the late 1990s, various versions of the BAP were formalized as mathematical programs. Each version combines an alternative for each attribute (berth layout, vessel arrivals, vessel handling times and the performance measure).

Early works and review papers on the BAP

We remind that this thesis tackles both container and bulk ports, each with its specific characteristics and constraints. [START_REF] Imai | Efficient planning of berth allocation for container terminals in Asia[END_REF] are among the first works to study the BAP in the context of container ports. They consider the discrete static BAP as a machine scheduling problem and formulate the problem as multi-objective non-linear integer program to minimize both the total time spent by vessels at the berths and the dissatisfaction with the berthing order. [START_REF] Imai | The dynamic berth allocation problem for a container port[END_REF] extend the model to the discrete dynamic case. [START_REF] Cordeau | Models and Tabu Search Heuristics for the Berth-Allocation Problem[END_REF] also consider the discrete dynamic BAP and model it as a multi-depot vehicle-routing problem with time windows where vessels are seen as customers and berths as depots. Each depot can receive only one single vehicle, and time windows correspond to the availability periods of depots. [START_REF] Li | Scheduling with multiple-job-on-one-processor pattern[END_REF] study the continuous static BAP as a scheduling problem with a multiple-job-on-oneprocessor pattern, where several jobs (vessels) can be processed by a single processor (berth) simultaneously. [START_REF] Lim | The berth planning problem[END_REF] models the continuous dynamic BAP as a 2-D bin packing problem because of the resemblance between their time-space representations. Nishimura et al. (2001) study the hybrid dynamic BAP considering the water depth of berths. Since then, different mathematical models have been designed, and several exact approaches and heuristic procedures have been proposed for the BAP with the dual objective of capturing more real-world aspects and improving the solution methods proposed. In this thesis, we mainly focus on the first objective by incorporating real-world constraints in the BAP, as much as possible, to be as close as possible to reality.

BAP in container ports

For extensive literature reviews on decision problems in the context of container terminals, we refer readers to the following papers: [START_REF] Vis | Transshipment of containers at a container terminal: An overview[END_REF] classify and review decision problems at container terminals. [START_REF] Steenken | Container terminal operation and operations research-A classification and literature review[END_REF] also describe and classify the main logistics processes and operations in container terminals and present a survey of methods for their optimization. Similarly, [START_REF] Kim | Models and Methods for Operations in Port Container Terminals[END_REF] presents the various operations in container terminals and decision-making problems that require support by scientific methods, then he reviews and classifies models and methods according to their characteristics. [START_REF] Günther | Container terminals and terminal operations[END_REF] give a brief overview of planning problems in container terminals and their relationship to the various kinds of terminal equipment. [START_REF] Stahlbock | Operations research at container terminals: A literature update[END_REF] update the state of the art in container terminal operations and operations research. [START_REF] Theofanis | Container Terminal Berth Planning: Critical Review of Research Approaches and Practical Challenges[END_REF] present a comparative critical review of research works related to berth planning. They also discuss the strengths and deficiencies of the existing models in addressing real-world aspects. [START_REF] Carlo | Seaside operations in container terminals: Literature overview, trends, and research directions[END_REF] review and classify papers on container terminal seaside operations, published between 2004 and 2012. Bierwirth andMeisel (2010, 2015) first present a survey covering berth allocation and quay crane scheduling problems in container terminals up to 2009, and they later update this survey to cover research papers up to 2014. Finally, [START_REF] Gharehgozli | Sea container terminals: New technologies and OR models[END_REF] highlight recent developments in container terminals including innovative technologies and new OR directions and models.

BAP in bulk ports

Until recently, BAP in bulk ports has received little attention in OR literature compared to container terminals. In this type of port, cargo is transported unpackaged in large quantities and vessels are loaded/unloaded using specific handling equipment depending on the cargo proprieties and the vessel requirements. [START_REF] Barros | Model and heuristic for berth allocation in tidal bulk ports with stock level constraints[END_REF] and [START_REF] Umang | Exact and heuristic methods to solve the berth allocation problem in bulk ports[END_REF] are among the first authors to study the BAP in the context of bulk ports. [START_REF] Barros | Model and heuristic for berth allocation in tidal bulk ports with stock level constraints[END_REF] model the BAP in its discrete form, giving priority for unloading to vessels related to the most critical mineral stock level to avoid any disruption of production. [START_REF] Umang | Exact and heuristic methods to solve the berth allocation problem in bulk ports[END_REF] study the hybrid BAP, taking into account the cargo type on the vessel and the distance between the berthing position and the cargo location on the yard. A list of journal papers that study the BAP alone or in an integrated approach in the context of bulk ports considering real-world aspects is presented in Section 4.2.1 and summarized in Table 4.1.

In this thesis, we first consider a continuous berth layout in ports in general (Chapter 3) with an application to container ports where quay cranes can move all along the quays.

Then we study the hybrid case in the context of bulk ports (Chapter 4) where the quays have fixed ship loaders, considering conveyor routing constraints between storage hangars and berthing positions. To our knowledge, we are the first to consider conveyor routing constraints in the BAP. In addition, we consider draft restrictions and the technical constraints of vessels that prohibit their berthing at some quays or oblige them to berth at a specific quay. Regarding vessel arrivals and handling times, we consider dynamic arrivals and variable handling times. Finally, we distinguish between the different stakeholders, which have conflicting objectives and interests in most cases, by considering two objective functions: one related to economic aspects and charter party clauses and the other one reflecting physical aspects of port's utilization, such as the minimization of the sum of expected vessel departure times (shipowner's interest) or vessel stay times (port operator's interest). Other considered real-world characteristics and constraints are outlined in the following section.

BAP and real-world aspects

Even though BAP has theoretical challenges, it is also a practical problem. The applicability of proposed models in a real port context depends on how well these models can integrate various constraints and issues that are faced in the industrial framework of ports. Therefore, several real-world aspects and/or constraints are considered in the BAP literature. We will expose them in this section.

Tides and navigation channel restrictions

The passage of vessels through the navigation channel is impacted by the tide cycle in tidal ports and by the channel's width. Indeed, large vessels can use the channel only during high tides so that the channel's water depth becomes superior to their draft (Figure 2.3). Moreover, when the channel is narrow, it can support only one-way traffic. Consequently, even when berths are available, incoming vessels may have to wait a long time at the harbor until the navigation channel becomes available for entering. Likewise, vessels having finished their handling operations at the berth and thus ready for leaving may also have to wait for some time for the navigation channel to become available for departure. static and dynamic versions of the BAP in container terminals in which the assignment of vessels to berths is limited by water depth and tidal conditions. Consequently, berths have different water depths depending on the different tide levels at different hours of the day, which restricts vessel berthing. The authors model the problem as a parallel-machine scheduling problem with inclusive processing set restrictions. To simplify the problem, they consider a short planning horizon with only one high tide and one low tide. [START_REF] Lalla-Ruiz | A Set-Partitioning-based model for the Berth Allocation Problem under Time-Dependent Limitations[END_REF] propose an alternative mathematical formulation that considers a multi-period planning horizon. [START_REF] Sheikholeslami | A Dynamic and Discrete Berth Allocation Problem in Container Terminals Considering Tide Effects[END_REF] study the discrete dynamic BAP in ports with low-depth navigation channel. High-draft vessels must wait for high tides to have an appropriate water level, and then they can pass through the navigation channel.

In addition to tides, navigation channel widths also restrict the passage of vessels through the channel for the sake of navigation safety. In this vein, [START_REF] Xu | Berth Scheduling Problem Considering Traffic Limitations in the Navigation Channel[END_REF] study the BAP in container terminals under channel traffic limitations including the one-way traffic rule and the temporary closure of navigation channels due to the insufficient channel width during bad weather and poor visibility.

In this thesis, we also consider navigation channel restrictions due to the tide cycle by defining the start and end time of each high tide cycle (high tide windows) that would occur during the planning horizon, which imposes some feasible berthing and departure periods for large vessels. Moreover, we limit the maximum number of vessels (inbound and outbound) that can pass simultaneously through the navigation channel to avoid channel accidents.

Ports with multiple quays, multiple terminals, or irregular layouts

Ports with multiple quays add the problem of assigning quays to the basic problem of determining berthing times and positions for each coming vessel. Assigning a quay to a vessel can be more advantageous than other quays if the origin or destination of cargo to be loaded or unloaded is the most closely to that quay, which will reduce transport times between the vessel and the storage space, and thus reduce the vessel's stay time in the port.

Ports with multiple quays add the problem of assigning quays to the basic problem of determining berthing times and positions for each incoming vessel. Choice of the quay impacts the transport time between a storage space and the quay, and thus impacts the vessel's stay time in the port (e.g., the closer a quay is to the storage area where cargo is to be loaded or unloaded, the lower is the transport time). [START_REF] Frojan | The continuous Berth Allocation Problem in a container terminal with multiple quays[END_REF] are the first to study the continuous dynamic BAP in a container terminal with multiple quays. For other papers considering ports with multiple quays, we refer readers to [START_REF] Krimi | A rolling horizon approach for the integrated multi-quays berth allocation and crane assignment problem for bulk ports[END_REF][START_REF] Krimi | Modelling and solving the multi-quays berth allocation and crane assignment problem with availability constraints[END_REF], [START_REF] Grubisic | The Optimization Process for Seaside Operations at Medium-Sized Container Terminals with a Multi-Quay Layout[END_REF] and [START_REF] Lujan | A Fuzzy Optimization Model for the Berth Allocation Problem and Quay Crane Allocation Problem (BAP + QCAP) with n Quays[END_REF].

We note that some ports have irregular layouts involving complicated berthing operations such as adjacency, oppositional and blocking restrictions between berths. Correcher et al. (2019) study the discrete dynamic BAP in this type of ports.

In this thesis, we also study ports with multiple quays. Moreover, we consider the restrictions of bulk ports where a whole quay or a part of it can be reserved to only one type of cargo (or more) due to specific handling equipment requirements or to avoid contamination between different types of cargoes. A quay can also be forbidden to some vessels for technical or contractual reasons.

Similar to ports with multiple quays, [START_REF] Schepler | Global planning in a multiterminal and multi-modal maritime container port[END_REF] go further and study the BAP along with the scheduling of trains and trucks in multi-terminal and multi-modal maritime container ports while limiting inter-terminal transport of containers.

Unavailability periods

Port resources such as quays and cranes require preventive maintenance to reduce their failure probabilities. Consequently, berthing schedules may be disrupted due to maintenance. Therefore, some authors consider preventive maintenance activities while modeling the BAP. [START_REF] Ribeiro | Berth allocation in an ore terminal with demurrage, despatch and maintenance[END_REF] study the discrete dynamic BAP in bulk ports considering the schedule of maintenance activities to be performed at berths. They model each maintenance activity as a dummy vessel that must be handled at a precise time by a specific berth, thus forbidding the berthing of vessels at this berth during that time. For other papers considering preventive maintenance activities, see [START_REF] Zheng | Integrated berth allocation and quay crane assignment with maintenance activities[END_REF] and [START_REF] Li | A Bi-Objective Optimization for Integrated Berth Allocation and Quay Crane Assignment With Preventive Maintenance Activities[END_REF].

In this thesis, we also consider preventive maintenance activities in the context of bulk ports to be performed at the conveyors and berthing positions either over a period of time or at a fixed date. Some berthing positions can also be unavailable during periods of bad weather. In addition, we consider non-working days, which also generate unavailability periods differing from one country to another (Figure 2.4). These exception periods are either included or excluded in the counting of the contractual handling time of vessels (laytime) defined in the charter party [START_REF] Tsoudis | The Shipbroker's Working Knowledge: Dry Cargo Chartering in Practice[END_REF]. In the case of a SSHEX (Saturdays/Sundays/Holidays Excluded) agreement, the time lost in port on Saturdays, Sundays and Holidays does not count as laytime (from 5 pm on Friday until 8 am on Monday, and on Holidays from 5 pm of the day preceding a holiday until 8 am of the next working day), while in the case of a SHEX (Sundays/Holidays Excluded) agreement, the time lost in port on Saturdays counts as laytime. In the case of a SSHINC (Saturdays/Sundays/Holidays Included) agreement, no exception periods are in effect, and the laytime will count seven days a week as well as during holidays. Very large capacity vessels usually operate without exception periods being in effect. In Arab countries and Muslim countries in general, weekend holidays differ from those applicable to the Western World. Indeed, Thursdays take the place of Saturdays, and Fridays take the place of Sundays.

Agreements with exceptions favor charterers, as Weekends and Holidays are to be excepted from the counting of laytime, which gives charterers more time to complete cargo operations and finish within the laytime allowed without incurring demurrage. In some cases, charterers quote EIU (Even If Used), which means laytime will not be counted even if cargo operations are carried out on exception days. On the other hand, UU (Unless Used) means that if cargo operations are carried out during periods excepted from laytime, such time shall count. On the contrary, agreements without exceptions favor shipowners because the laytime becomes continuous, including Weekends and other Holidays.

Piloting and tugging constraints

In addition to berths, the berthing process requires several other resources, such as tugboats and pilot boats. Tugboats are small, powerful boats capable of steering large vessels by pulling or pushing them. They are used to assist these vessels in places where they are unable to maneuver themselves, such as the confines of the port and narrow navigation channels. 

Uncertainty

The maritime freight transport is hardly predictable as many disturbances may occur (e.g., vessel delays due to bad weather, machine downtimes, etc.). Therefore, the consideration of uncertain problem data and the correspondent development of planning methods have recently received increasing attention in the BAP. [START_REF] Umang | Real-time management of berth allocation with stochastic arrival and handling times[END_REF] study the BAP with stochastic arrivals and handling times in the context of bulk ports. The deviation of vessel arrivals and handling times from their expected or estimated values can disrupt the original berth plan, which can make it infeasible. Based on past data, the authors model the uncertainty in the data by making appropriate assumptions about the probability distributions of the uncertain parameters. Then, they solve the BAP on a rolling planning horizon with the objective of minimizing the total realized cost of the updated berthing schedule.

In the context of container terminals, [START_REF] Schepler | The stochastic discrete berth allocation problem[END_REF] study the discrete BAP with stochastic arrival times of vessels. The authors develop several new proactive, reactive, and proactive/reactive approaches to this problem and make a comparison between them. Guo et al. (2021) study the continuous BAP with vessel handling time uncertainty considering the impact of weather conditions. As a first step, the authors first evaluate and measure vessel handling times using a model that considers constraints related to weather effects. In the second step, they solve the BAP based on the vessel handling times obtained in the first step and using a heuristic algorithm embedded with a machine learning approach. The latter's role is to determine the relationship between vessel handling times and weather conditions by mining from historical data. [START_REF] Zhen | Tactical berth allocation under uncertainty[END_REF] studies the tactical BAP where vessels visit the port periodically considering uncertain operation times. Due to some unpredicted factors, the number of containers that will be handled fluctuates in each period, influencing vessels' operation time and complicates the traditional berth allocation decisions. The author proposes both a stochastic model coping with arbitrary probability distributions of vessels operation time deviation and a robust model that is applicable in case limited information about probability distributions is available. [START_REF] Xiang | An expanded robust optimisation approach for the berth allocation problem considering uncertain operation time[END_REF] also study the tactical BAP considering uncertain operation time. The authors formulate a robust optimization model based on historical data, which can well resist the possible risks in the future.

For other papers addressing the BAP (alone or in an integrated approach) with uncertainty, we refer readers to [START_REF] Zhou | Study on Berth and Quay-crane Allocation under Stochastic Environments in Container Terminal[END_REF], [START_REF] Ursavas | Optimal policies for the berth allocation problem under stochastic nature[END_REF], [START_REF] Nourmohammadzadeh | A Pareto Simulated Annealing for the Integrated Problem of Berth and Quay Crane Scheduling at Maritime Container Terminals with Multiple Objectives and Stochastic Arrival Times of Vessels[END_REF], [START_REF] Zhen | Column generation for low carbon berth allocation under uncertainty[END_REF], [START_REF] Tan | Integrated proactive and reactive strategies for sustainable berth allocation and quay crane assignment under uncertainty[END_REF] and [START_REF] Rodrigues | An exact robust approach for the integrated berth allocation and quay crane assignment problem under uncertain arrival times[END_REF].

Environmental aspects

In recent years, there has been growing interest within the field of OR in green maritime freight transportation by developing environmentally friendly optimization models and solution techniques that ultimately yield win-win decisions. The aim is to achieve acceptable environmental performance of the maritime supply chain while still meeting traditional economic criteria. [START_REF] Bektaş | The role of operational research in green freight transportation[END_REF] present an overview of recent research on greening freight transportation using OR-based planning techniques.

Reducing carbon emissions during sailing and berth is a key objective in green freight maritime transportation. The following papers develop models that combine the optimization of berth allocation with the reduction of vessel carbon emissions and fuel consumption.

Since the fuel cost has become the major part of shipping lines operation cost, [START_REF] Golias | The Berth-Scheduling Problem: Maximizing Berth Productivity and Minimizing Fuel Consumption and Emissions Production[END_REF] and [START_REF] Du | Berth allocation considering fuel consumption and vessel emissions[END_REF] propose mixed integer nonlinear programming (MINLP) models for the BAP, whose objectives are reducing fuel consumption and thus vessel carbon emissions while retaining adequate levels of productivity of berthing operations. A vessel that goes slower will emit much less than the same vessel going faster. Therefore, the authors consider the possibility of changing the vessel speed, thus changing the originally estimated vessel fuel consumption and emissions while in transit. To ensure this, they introduce vessel arrival times as decision variables into the BAP model instead of considering predetermined vessel expected arrival times. This new berthing policy could provide a protentional coordination opportunity between port operators and shipping lines. Indeed, port operators may suggest to vessels that have not yet arrived at the port to slow-down, when the port is busy, in order to reduce their waiting time in the harbor, which avoids harbor congestion and the payment of contractual penalties. This will also provide the shipping lines with an opportunity to reduce their fuel consumption and carbon emissions, which leads to a win-win economic and environmental benefits for both the shipping lines and the port.

Similarly, [START_REF] Venturini | The multi-port berth allocation problem with speed optimization and emission considerations[END_REF] incorporate vessel speed control in the BAP, but at multiple ports instead of considering one single port. Indeed, the authors optimize berthing decisions at multiple ports along with optimizing the vessel speed between every two ports to reduce the fuel consumption and thus vessel air emissions. Consequently, both vessel arrival times and departure times are considered as decision variables in the BAP model. The authors note that the practical applicability of their model assumes a strong cooperation between shipping lines and port operators, which is very challenging, especially given the conflicting economic interest between both parties.

Green ports also play an important role in green maritime transportation by investing and encouraging environmentally friendly and sustainable port operations, guaranteeing a good balance between environmental impact and economic interests. The International Maritime Organization proposed imposing a carbon emission tax on ports as a long-term solution to reduce carbon emissions. In this context, [START_REF] Wang | Berth Allocation and Quay Crane Assignment for the Trade-off Between Service Efficiency and Operating Cost Considering Carbon Emission Taxation[END_REF] introduce the carbon emission taxation imposed on ports to the time-variant BACAP. The authors formulate the problem as a bi-objective integer programming model for the trade-off between the service efficiency (i.e., minimization of berth waiting times and departure delays) and the operating costs (i.e., the cost of operating quay cranes to handle containers, namely the fuel consumption cost and the labor cost, and the carbon emission taxation incurred) of port operators. Similarly, [START_REF] De | A hybrid dynamic berth allocation planning problem with fuel costs considerations for container terminal port using chemical reaction optimization approach[END_REF] study the time-variant BACAP considering the fuel consumption of vessels while performing their port operations.

In the same logic of bi-objective cooperative optimization models, [START_REF] Peng | Cooperative optimization of shore power allocation and berth allocation: A balance between cost and environmental benefit[END_REF] study the use of shore-side electricity to satisfy vessels electricity demand during their berthing at ports. This alternative measure reduces greenhouse gas emissions produced by the auxiliary engines of vessels at berth. These emissions contribute to the worsening of the atmospheric environment in ports located in or near densely populated areas, thus leading to dangerous health and environmental effects. The authors develop a cooperative optimization method to model the BAP with the problem of allocating shore powers to berths considering a trade-off between economic and environmental benefits. The objectives of the problem are to minimize the cost of installing and using shore power systems and the waiting time cost of vessels while minimizing emissions of different types of air pollutants in order to reduce the payment of imposed environmental taxes.

BAP in an integrated approach

Planning operations in port management are interrelated. Consequently, several works integrate the BAP with other port planning problems such as the assignment and scheduling of quay and yard cranes, the assignment of storage spaces, vehicle routing and dispatching, ship routing, etc. According to [START_REF] Geoffrion | Structured Modeling: Survey and Future Research Directions[END_REF], model integration can be done either by a deep integration or by a functional integration. [START_REF] Dolk | Model integration and a theory of models[END_REF] have made this same distinction using different terms: definitional integration vs procedural integration.

• Deep integration merges two subproblems or more into one monolithic problem.

Consequently, there is no longer a need to explicit the relations between the subproblems.

• Functional integration defines a sequence for solving subproblems and data exchanges between the base-level and top-level problems. It can be done either by a feedback loop or a preprocessing.

-In feedback loop (Figure 2.6.a), the top-level problem instructs the base-level problem, then the reaction of the latter is used in the top-level to revise instructions. Once a steady-state is reached, the loop terminates.

-In preprocessing (Figure 2.6.b), the base-level problem is solved first to generate more detailed input data for the top-level one; then both problems are solved sequentially. Different designs for integrated port operations planning are possible involving the above-described integration.

BAP and quay crane decision problems

In addition to quays, quay cranes are also a scarce resource. As stated before, the QCAP concerns the assignment of a number of quay cranes to each vessel, the QCASP concerns the assignment of a set of specific quay cranes to each vessel, and the QCSP concerns the schedule of quay cranes for loading and unloading containers (Skaf et al., 2021a). Since the scheduling of berths and quay cranes is possibly the most important and delicate element of container terminal seaside operations, the integration of the BAP with the QCAP, the QCASP and/or the QCSP has been widely studied by researchers. The number and the productivity of quay cranes assigned to each vessel strongly impact vessel handling times during which berths are occupied.

Two versions of the integrated Berth Allocation and Quay Crane Assignment Problem (BACAP) and the integrated Berth Allocation and Specific Quay Crane Assignment Problem (BACASP) have been tackled in the literature: time-invariant and time-variant (variable-intime). In the time-invariant version, a fixed number or group of cranes is assigned to each vessel throughout its handling time, while in the time-variant version, this number or group of cranes can be changed in each period. The latter version allows more efficient use of cranes since it allows reassignment of cranes. However, this can result in a greater number of crane movements, which is difficult for crane drives to handle. Moreover, the number of decision variables in the time-variant version is greater than the time-invariant version, which makes the problem more difficult to solve. Both versions are interesting in practice and are receiving increasing attention in OR literature. We note that the BACAP only ensures that the number of used quay cranes at each period does not exceed the number of available cranes. However, it does not guarantee that a feasible assignment of cranes to vessels is possible in such a way that each vessel can be processed without interruptions or crane changes. Correcher et al. (2019) A list of journal papers that propose new models for the BACAP and/or BACASP is presented in Section 3.2.1 and summarized in Table 3.1. [START_REF] Bierwirth | A survey of berth allocation and quay crane scheduling problems in container terminals[END_REF], 2015) classify papers that solve jointly the BAP, the QCA(S)P and/or the QCSP in the context of container terminals according to their integrating approach (deep integration vs functional integration). This thesis integrates the BAP with quay crane assignment decisions under the time-invariant version using a deep integration.

Some authors combine integrated approaches. For example, [START_REF] Park | A scheduling method for Berth and Quay cranes[END_REF] combine deep integration with functional integration by preprocessing. They first integrate the BAP and the QCAP in a monolithic model to determine vessel berthing times and positions and the number of quay cranes assigned to each vessel. Then, at the second stage, they determine specific quay cranes for each vessel, incorporating the outcome of the first stage.

Similarly, [START_REF] Meisel | A Framework for Integrated Berth Allocation and Crane Operations Planning in Seaport Container Terminals[END_REF] integrate deep integration with functional integration by both preprocessing and feedback loop. They first calculate vessel handling times by solving the QCSP model. Second, they solve a monolithic BAP and QCAP model. Third, they seek feasible schedules for the quay crane assignments derived from the berth plan. If a least one quay crane schedule is infeasible, the invalid part of the berth plan is fed back to the former stage. The authors also evaluate the advantage promised by integrated planning approaches by comparing the results of solving the BAP, the QCAP and the QCSP sequentially with the integrated approach results.

Finally, we note that the availability and the performance of workers impact the performance of industrial systems. Failure to account for these may lead to impractical results. In this vein, [START_REF] Chargui | Berth and quay crane allocation and scheduling with worker performance variability and yard truck deployment in container terminals[END_REF] propose a monolithic model for the BACASP in the context of container terminals considering two challenging elements that impact the problem performance: the availability and the performance of quay crane operators and the deployment of yard trucks.

BAP and yard-side decision problems

Port managers are faced with the challenge of maximizing efficiency both along the seaside and the yard-side. The problems observed on both sides are often interrelated. Poor management of seaside operations can cause bottlenecks in the port yard and in horizontal transportation, and vice versa. Consequently, some authors study the integration of the BAP with routing and/or yard planning decisions.

Regarding yard planning decisions in the context of container terminals, the Yard Assignment Problem (YAP) aims to assign yard storage locations to each vessel to minimize transport distances of moving containers between berths and yard storage locations. Yard planning is essential for efficient operations in container terminals, especially since ports have limited storage space. Therefore, flexible management of storage space planning strategies is necessary to improve the utilization of port space and the efficiency of handling equipment.

Li & Yip (2013) study the joint planning problem for berth and yard allocation in export container terminals to improve yard-to-quay services. Similarly, [START_REF] Tao | Joint planning of berth and yard allocation in transshipment terminals using multi-cluster stacking strategy[END_REF] study the integrated problem in transshipment terminals with the aim of minimizing the total distance of exchanging containers between mother vessels and feeders and the workload imbalance among yard blocks. Guo et al. (2021) also study the berth allocation and yard assignment problem with the aim of minimizing the total truck distance between berthing positions and storage positions of export containers. In addition to berths and yards, Liu Other yard planning problems being investigated are the internal vehicle routing and dispatching problems. [START_REF] Carlo | Transport operations in container terminals: Literature overview, trends, research directions and classification scheme[END_REF] present an overview of internal transport operations connecting the seaside, the yard side and the landside of container terminals. Linkosaari (2014) studies the tactical BAP including both the QCSP and the vehicle dispatching problem as sub-problems with the aim of reducing vessels turnaround time using fewer resources. The author uses a functional integration in which the sub-problems are solved sequentially and in parallel, which results in more modifiable and detailed parameters to the BAP. We note that some papers integrate quay crane scheduling and yard-side decision problems, without considering BAP decisions. As an example, [START_REF] Skaf | Integrated quay crane and yard truck scheduling problem at port of Tripoli-Lebanon[END_REF] study the integrated quay crane and yard truck scheduling problem.

In the context of bulk ports, the BAP is mainly integrated with the Storage Space Allocation Problem (SSAP) and the scheduling of bulk-handling equipment. The storage location and the routing of cargoes affect the travel distance between the assigned berthing positions to vessels and the assigned storage locations to cargoes, and furthermore, determine the storage efficiency of the yard-side. Thus, these problems are very interrelated. We note that the constraints considered in the integrated problem differ from one paper to another since each bulk port and warehouse system has its own management rules, which requires specific constraints. A list of journal papers that study the BAP integrated with the SSAP in the context of bulk ports is presented in Section 5.2 and summarized in Table 5.1.

In this thesis, we integrate production, storage and vessel berthing decisions using a functional integration by a feedback loop implemented in a DSS logic. The production and berth scheduling problems are the top-level problems, and the SSAP is the base-level problem (Figure 2.6). The aim of this DSS is to align production and storage decisions with vessel demands. We note that the existence of conveyor routing constraints between the three successive echelons of the studied supply chain (production lines, storage hangars, and berthing positions) makes the alignment of decisions more difficult.

BAP and laycan allocation

Despite the booming OR applications in maritime studies and the importance of charter in maritime practice, there is still a lack of models dealing with charter party decisions, such as deciding on laycans (i.e., the earliest and latest dates the vessels are supposed to arrive at the port) upon the vessel chartering (i.e., an activity within the shipping industry whereby a shipowner hires out the use of his vessel to a charterer).

The LAP assigns laycans to new vessels to charter within a medium-term planning horizon, considering the availability of cargo and port resources, mainly quays. Hence, the LAP has a clear interaction with the BAP. Only one paper was found dealing with the LAP. [START_REF] Lorenzoni | A multi-mode resourceconstrained scheduling problem in the context of port operations[END_REF] develop a computational tool based on a mathematical model of a multi-mode resource-constrained scheduling problem, with the aim of improving vessels attendance. The proposed model determines laydays in a way that avoids simultaneous or nearly simultaneous arrivals of vessels competing with the same port resources, including berths, handling equipment, stock areas and the navigation channel. Therefore, the authors consider time windows for the availability of port resources. However, they assume the firstcome, first-served regime of attendance, which could exclude certain solutions with better results, unlike the BAP that explores every possible berthing solution without being restricted to a certain regime of attendance.

Recently, [START_REF] Sun | Optimizing voyage charterparty (VCP) arrangement: Laytime negotiation and operations coordination[END_REF] classify chartering-related literature into two categories, namely charter-related studies and charterparty-based studies, depending on their contexts and objects. Studies belonging to the first category incorporate the unique features of chartering activities into various contexts, such as the consideration of demurrage and despatch in the BAP's objective function [START_REF] Mazioli | Assessment of the impact of Charter Party clauses and port's characteristics on the port's financial result[END_REF], while studies belonging to the second category focus on the charter party itself and most of them fall into the categories of maritime law. This thesis is closely related to the first category, since we also incorporate charter party clauses in port decision problems and, furthermore, we determine the optimal laycans for new vessels to charter to assist stakeholders in their negotiation process upon the signature of the charter party, which makes the originality of our work.

First, we integrate the LAP with the BAP and the QCA(S)P in ports in general with an application to container ports, and then, we integrate the LAP with the BAP in bulk ports considering conveyor routing constraints between storage hangars and berthing positions.

QCAP decisions are not addressed in the case of bulk ports because each berthing position has a fixed ship loader. The combined problem aims to find efficient schedules for berthing already chartered vessels and new vessels to charter to avoid any excessive overloading in the execution of port operations, thus improving the attendance of vessels and avoiding the payment of high penalties.

Since laycan allocation is a tactical problem and berth and quay crane assignment are operational ones, we propose a modular decision time-interval inside this planning horizon to easily manage the integration without placing a border between the operational and tactical problems.

BAP and waterway scheduling

Instead of considering navigation channel restrictions as constraints in the BAP, as shown in Section 2.3.1, some authors go further and integrate the BAP with the Waterway Scheduling Problem. The goal of the latter is to schedule incoming and outgoing vessels through the waterway for accessing or leaving the port, avoiding congestions. 

BAP and ship routing

The BAP has also been integrated with ship routing problems. The latter aim to optimize the travel distance of vessels between ports and/or the minimization of fleet size. [START_REF] Li | An integrated model for ship routing and berth allocation[END_REF] present a mathematical model to support joint decisions for container ship routing between different ports and discrete berth allocation. The goal is to find routes for the vessels such that the sum of the total sailing time and the waiting time at the terminals is minimized.

A realistic implementation of this model heavily depends on the coordination between shipping companies and terminal operators. Therefore, the authors consider the situation where a shipping company operates self-owned container terminals or the situation where there are dedicated container terminals that only serve this shipping company. The authors also conduct computational experiments to investigate the potential cost-saving benefits resulting from their integrated approach.

Conclusion

In this chapter, we have presented the main BAP characteristics, the early works and review papers on the BAP, the real-world aspects considered in the BAP, and the different decision problems studied together with the BAP in the context of container and bulk ports.

In this thesis, we design deterministic models for the BAP in an integrated approach, mainly with laycan allocation, quay crane assignment, and storage space allocation, in the context of container and bulk ports. We consider several characteristics and constraints rarely studied together, namely the multiplicity of quays, the variation of water depth, the productivity of quay cranes and their maximum outreach, navigation channel restrictions related to tides, charter party clauses, non-working periods, and specific bulk port constraints, mainly conveyor routing constraints between storage hangars and berthing positions, the multiplicity of cargo types on the same vessel.

In addition, papers studying the BAP in an integrated approach often integrate the BAP with operational problems. In this thesis, we integrate the BAP with a tactical problem (laycan allocation) and operational problems (quay crane assignment and storage space allocation) thanks to an innovative approach that easily manages the integration without placing a border between the operational and tactical problems.

Finally, papers rarely integrate more than two echelons in the case of bulk supply chains (either production and storage, or storage and expedition, or production and expedition). In this thesis, we go further and integrate three supply chain echelons (production, storage, and vessel loading) in a DSS logic, ensuring a deeper alignment from the production until the expedition at the port. improve the computational performance. The numerical study shows that the problems of practical size can be solved to optimality in a reasonable time using commercial software.

Second, since the studied problems have different decision levels, a change of decision timeinterval is incorporated inside the planning horizon for seamless decision-making. Third, to ensure that this integrated problem is as close as possible to reality, we consider both physical characteristics of the ports rarely studied together (tidal ports with multiple quays and different water depths) and contractual clauses (non-working periods and Charter Party clauses). The output of the models is an efficient schedule for berthing chartered vessels with an efficient quay crane assignment, and laycans to new vessels to charter.
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Introduction

Maritime transport is the backbone of international trade and the global economy. Around 80% of global trade by volume and over 70% of global trade by value are carried by sea and are handled by ports (UNCTAD, 2020). Port performance management has been a focal point both in the industry and academia for the last two decades. It is related to both the respect of contractual clauses (e.g., laycan, laytime, demurrage, despatch money, etc.) between various actors in the maritime chain of transportation (e.g., shipowners, charterers, port operators, etc.) and the optimal use of port resources (e.g., quays, cranes, transfer vehicles, storage yard, manpower, etc.).

Some of the main decision problems in port management concerning quayside are: i)

The Laycan Allocation Problem (LAP) refers to the tactical problem of assigning berthing time windows to new vessels to charter within a medium-term planning horizon (three to four weeks), by taking into consideration the availability of cargo and port resources. Hence, the LAP has a clear interaction with one of the most important operational problems in the seaside area of ports: ii) the Berth Allocation Problem (BAP). The latter refers to the operational problem of assigning berthing positions and times to every vessel projected to be served within a short-term planning horizon (one to two weeks) such that a given objective function is optimized. The assignment must respect the constraints of the problem such as vessel lengths and drafts, expected arrival times and projected handling times, etc. Besides berths, quay cranes are also scarce resources in ports. iii) The Quay Crane Assignment Problem (QCAP) refers to the operational problem of assigning a set of quay cranes to every vessel projected to be served within a short-term planning horizon (one to two weeks). The assignment must respect the constraints of the problem, such as the number of cranes available at the quay and the non-crossing constraints of quay cranes if they are mounted on rails.

Among these three problems, LAP defines some major contractual terms between shipowners, charterers, and port operators. The contract of carriage, to ship goods from one port to another, is called a contract of affreightment. If a full shipload is to be transported, the whole vessel (or a principal part of it) is chartered. In this case, the contract of carriage is called a Charter Party. This latter is contracted between a shipowner (i.e., someone who equips and exploits a vessel for delivering cargo and is not necessarily the owner of the vessel) and a charterer (i.e., someone who rents a vessel from the shipowner and might own the cargo). It can be for either a specific voyage (Voyage Charter), or for a certain period (Time/Demise Charter). If a lesser quantity of goods or individually packaged goods are shipped along with other cargo, this is mostly done under a bill of lading, which details the goods being shipped on board and testifies the contract of carriage. So, the shipowner can act as a carrier or/and a lessor (the carrier undertakes to carry goods from one point to another, and the lessor hires out the use of his vessel to a charterer). Finally, the port operator is the cargo handler in the port. He manages the port resources (quays, cranes, transfer vehicles, manpower, etc.). In some cases, one entity can represent two actors (e.g., Morocco's OCP Group, as a world leader in the phosphate industry, is at the same time, a charterer, and a port operator). There is an increasing trend to consider the BAP and the QCAP together because the number of quay cranes assigned to a vessel determines its handling time, and hence the Second, the models include several port constraints rarely studied in the literature (multiple quays, tide constraints, days-off) to increase their application potential in practice.

An overview of these constraints will be presented in the next section. The objective functions in the Berth Allocation Problem literature mostly aim at minimizing the sum of costs without distinguishing between the different actors involved, which makes the applicability of the problem unrealistic. In most cases, these actors have conflicting objectives and interests.

Therefore, two objective functions are considered, one related to economic aspects and contract clauses and the other one reflecting physical aspects of port's utilization.

Last but not least, all the conditions are modeled as predicates. A predicate is a logical expression that can take a value of "true" or "false". In our mathematical models, we use predicates to define (restrict) the domain of an index, which in turn, binds the existence of a decision variable, depending on the values of the parameters. Hence, the predicates act like a pre-treatment of the models based on the problem data and reduce the number of binary variables. This approach significantly improves the computational performance of the models, as it is no longer necessary to introduce the conditions as constraints in the models. As a consequence, problems of practical sizes can be solved in a reasonable time using off-theshelf commercial software.

The paper is organized as follows. In Section 3.2, we present a literature review of the LAP, the BACAP, and the BACASP with a focus on tidal ports and ports with multiple quays.

The description and the formulation of the LBACAP are presented in Section 3.3. The model is extended to solve the LBACASP, and its description and formulation are presented in Section 3.4. In Section 3.5, we present an illustrative example for both models and the experiments conducted, then we discuss their results. Finally, in Section 3.6, we draw some conclusions and indicate future research directions.

Literature review

In this section, we review the academic literature on the BACAP, the BACASP, and the LAP, with a focus on tidal ports and ports with multiple quays.

BACAP and BACASP literature

Berth allocation and quay crane assignment are essential for efficient terminal utilization in container and bulk ports. The surveys of Bierwirth andMeisel (2010, 2015) and [START_REF] Carlo | Seaside operations in container terminals: Literature overview, trends, and research directions[END_REF] focus on these two problems and their integration. A list of journal papers that propose new models for the BACAP and/or the BACASP is summarized in Table 3.1, in which the following information is presented. Papers focusing on stochastic issues and environmental questions are not considered. For the sake of comparison, we also excluded articles presenting approaches such as simulation and metaheuristics without providing a mathematical model of the problem.

• Port type: either container ports or/and bulk ports. • QCA(S)P characteristics column specifies the type of the problem: either time-variant or time-invariant, the productivity of quay cranes (homogeneous or heterogeneous)

and the consideration of quay crane outreach.

• BACA(S)P performance measure column provides the objective function of the problem: either minimizing various times or costs.

• BACA(S)P solution approach column gives the type of the solution approach as novel mathematical models, exact methods, heuristics, metaheuristics, or/and simulation.

• BACA(S)P modeling choices specify if the conditions of the BACA(S)P (e.g., berthing time and space, tide, draft, etc.) are modeled as either constraints or predicates using binary variables.

The BACAP and the BACASP are studied under two versions: In the time-invariant case, a fixed number of quay cranes is assigned to each vessel throughout its handling, while in the time-variant case, this number can be modified during the planning horizon. This second version of the problem allows more efficient use of quay cranes, but the resulting planning can be difficult to apply in practice as it involves a greater number of quay crane movements and task assignments to quay crane drivers. In this paper, we consider the timeinvariant version. Nevertheless, the literature is reviewed and summarized in Table 3.1 for both cases. [START_REF] Tsoudis | The Shipbroker's Working Knowledge: Dry Cargo Chartering in Practice[END_REF] for a list of exception period clauses. We will consider only SSHEX in the model, without loss of generality. The other constraints can be modeled in the same manner.

• SSHEX (Saturdays/Sundays/Holidays Excluded): The time lost in port on Saturdays, Sundays and holidays does not count as laytime (from 5 pm on Friday until 8 am on Monday, and on holidays from 5 pm of the day preceding a holiday until 8 am of the next working day).

• SSHINC (Saturdays/Sundays/Holidays Included): No exception periods are in effect and the laytime will count seven days a week as well as during holidays. Very large capacity vessels usually operate without exception periods being in effect.

Regarding the quay crane characteristics, we observe that heterogeneous quay cranes are only considered by [START_REF] Agra | MIP approaches for the integrated berth allocation and quay crane assignment and scheduling problem[END_REF] and quay crane movement restrictions to avoid overlapping are only addressed by [START_REF] Han | A new continuous berth allocation and quay crane assignment model in container terminal[END_REF], [START_REF] Karam | Functional integration approach for the berth allocation, quay crane assignment and specific quay crane assignment problems[END_REF] and [START_REF] Agra | MIP approaches for the integrated berth allocation and quay crane assignment and scheduling problem[END_REF] again, while these are a real constraint in ports.

Finally, the objective functions mostly aim at minimizing the sum of costs without distinguishing between the different actors involved, even when these actors have conflicting objectives and interests. For example, the fuel cost is a cost supported by shipowners. Despite this, most authors (e.g., [START_REF] Meisel | Heuristics for the integration of crane productivity in the berth allocation problem[END_REF] and [START_REF] Iris | Integrated Berth Allocation and Quay Crane Assignment Problem: Set partitioning models and computational results[END_REF]) consider the speedup cost of vessels as a cost supported by port operators. Some authors pointed out the importance of taking into consideration the chosen actor in the definition of the objective function. For instance, Venturini et al. ( 2017) defined an objective function that implies that the pool of vessels is managed in a collaborative way, where the benefits and costs are shared between shipping lines and port operators. However, they said that the realistic applicability of this objective function needs further investigation.

LAP literature

While berth and quay crane allocation literature is abundant, only one paper was found that deals with the LAP. [START_REF] Lorenzoni | A multi-mode resourceconstrained scheduling problem in the context of port operations[END_REF] develop a mathematical model based on a multimode resource-constrained scheduling problem. The model determines vessel laycans (laydays) with efficient use of port resources for the attendance of vessels, in a way that avoids simultaneous or nearly simultaneous arrivals of vessels competing with the same resources. However, they assume the first-come, first-served regime of attendance, which could exclude certain solutions with better results, unlike the BAP that explores every possible berthing solution without being restricted to a certain regime of attendance. Finally, they solve the problem using a heuristic procedure based on the Differential Evolution Algorithm. It has to be noted that the LAP concerns the determination of berthing time windows to new vessels to charter, differing from ship routing and scheduling problems.

Following the definitions given by [START_REF] Ronen | Approximate Expressions for Queueing Systems with Scheduled Arrivals and Established Service Order[END_REF], routing can be defined as the assignment of the sequence of ports to a vessel. The term scheduling is used when the temporal aspect is brought into routing.

As a conclusion to this section, we highlight that in this paper, we consider numerous conditions in the definition of the LBACA(S)P, which reduces the gap between the abstract representation of the studied problems and their applicability in real situations. Our models consider tidal ports with multiple quays, unavailability periods such as SSHEX, homogeneous and heterogeneous quay cranes with outreach constraints, and two objective functions, one based on a physical criterion, and another one based on an economic criterion. This latter is based upon Charter Party clauses, to illustrate the case where ports belong to one single shipper. [START_REF] Mazioli | Assessment of the impact of Charter Party clauses and port's characteristics on the port's financial result[END_REF] assessed the important impact of the Charter Party clauses on the port's financial result.

Description and formulation of the LBACAP

In this section, we introduce a description of the LBACAP and then its formulation.

Description of the LBACAP

Spatial attribute

We consider a tidal port with multiple quays. It has to be noted that, depending on its size and its throughput, a port could have one or several independent terminals, in which each terminal is characterized by a number of quays. Each quay has a number of cranes and is partitioned into a set of equal-length sections. We consider a continuous berth layout since section lengths are small enough compared to vessel lengths. Overall, vessel lengths vary from 100 to 350 m, and section lengths can be set for example at 10 m. The sections of each quay start from the port yard (i.e., the mainland from which the quays extend into the sea) and are numbered in increasing order. All the sections of a quay can have the same water depth, or the water depth increases seaward by sections, as in Figure 3.3. Similarly, the productivity of quay cranes can be the same (i.e., homogeneous quay cranes) for all the quays or can be the same in each quay and different from one quay to the other, as in Figure 3.3. We also take into consideration the technical constraints of vessels that prohibit their berthing at some quays or oblige them to berth at a specific quay. 

Temporal attribute

Since the planning horizon is divided into time periods of equal length (one hour), the following temporal parameters are also expressed as a number of time periods. We assume dynamic vessel arrivals (i.e., fixed expected arrival times, inside the planning horizon, are given for the vessels; hence vessels cannot berth before the expected arrival time).

Furthermore, a maximum waiting time in the harbor before berthing and a laytime are preset for each vessel. The role of the maximum waiting time in the harbor is to avoid unrealistic solutions with significant vessel delays. Moreover, it reduces the solution space of berthing times in the planning horizon, which significantly improves the computational performance of the model. However, new vessels to charter will have high maximum waiting times in the harbor, so as not to affect the economic results of already chartered vessels. Indeed, these latter vessels have priority over new vessels to charter because their Charter Parties are already finalized. The maximum waiting time in the harbor of already berthed vessels is equal to zero because they have already berthed.

We also take into consideration tide constraints which make the scheduling of port operations more challenging. In tidal ports, large loaded vessels can only pass through the access channel when the tide is sufficiently high, which make them tide-dependent upon entering and/or leaving the port (in our case, we consider that the same vessel can be either loaded or unloaded in the port). Indeed, during low tide periods, large loaded vessels have to wait for high tide cycles where the sea level is superior to their drafts. However, small, medium, and large empty vessels are tide-independent, as they can enter the port and leave it at any time. Therefore, the draft of vessels must be considered to distinguish a vessel as either tide-dependent or not. Tides are the rise and fall of sea levels caused by the combined effects of the gravitational forces exerted by the Moon and the Sun, and the rotation of the Earth. The Moon orbits the Earth in the same direction as the Earth rotates on its axis, so it takes slightly more than a day, about 24 hours and 50 minutes, for the Moon to return to the same location in the sky. So we define the start and end time of each high tide cycle (high tide windows) that would occur during the planning horizon, which imposes some feasible berthing and departure periods for large loaded vessels (the detailed calculation of tide parameters is shown in the file Tide.xlsx 7 ).

Handling time attribute

Handling times of vessels depend on the fixed number of identical quay cranes assigned to them throughout the service process and take into account the decreasing marginal productivity 7 All data files of Chapter 3 are available on Mendeley Data: https://data.mendeley.com/datasets/3cts6wkn4f/1 due to quay crane interferences. Each vessel has a minimum and a maximum prescribed number of quay cranes that can serve it. In our model, handling times of vessels are determined by data preprocessing.

Performance measure attribute

In the general case (i.e., in the presence of several actors with different roles, see Figure 3.1), an objective function based on a physical criterion is adopted, since the relevant actors have conflicting objectives and interests. This objective function could be the minimization of the sum of expected vessel departure times (shipowner's interest) or vessel stay times (port operator's interest). The sum in the objective function can be weighted to consider vessels priority. Solutions obtained under these physical criteria allow us to detect better the current margins for fixing laycans to new vessels to charter. In this paper, we arbitrarily choose to minimize the sum of expected vessel departure times. The consideration of the other criterion does not require any change in the model, except in the objective function's formula.

However, when ports belong to one single shipper (the charterer and the port operator are the same entity), an economic objective function, based upon Charter Party clauses established with shipowners, is adopted. In this case, we distinguish two kinds of costs, namely: the cost for exceeding the laytime (i.e., the demurrage charges), and the bonus payment offered by the shipowner for completing loading or unloading before the laytime (i.e., the despatch money). The economic objective function is to maximize the sum of the difference between the despatch money and the demurrage charges for each vessel (i.e., minimize the demurrage charges and maximize the despatch money). In both cases (physical and economic), we favor the berthing of vessels as close as possible to the port yard to select one of the optimal solutions.

Formulation of the LBACAP

Notation

Before presenting the LBACAP model, notations of indices, sets, parameters and decision variables used in the model are listed as follows. The sets are represented by calligraphic letters, decision and intermediary variables by italic letters, and the indices by italic lowercase letters. The indices v, t and q are always written as subscripts and the indices q s and q n related to the index q are always written as superscripts.

Index Description t Index of time periods { } 1,..., T = T . v Index of vessels { } 1,..., V = V with 1 2 3 = ∪ ∪ V V V V and 1 2 3 V V V V , = + +
where:

• { } 1 1 1,..., V = V
is the set of already berthed vessels.

• { } 2 1 1 2 V 1,..., V V = + + V
is the set of chartered vessels.

• { } 3 1 2 V +V 1,..., V = + V
is the set of new vessels to charter.

q Index of quays { } 1,..., Q = Q . q s Index of berthing sections at quay q { } 1,...,S p q = S .
q n Index of quay crane numbers at quay q

{ } 1,..., N q q = N
. As stated before, the cranes of a same quay are assumed identical.

Parameter Description Time decision restriction K t

Boolean parameter that equals 1 if a decision of berthing vessels can be taken during time period t (without considering the other constraints), 0 otherwise.

Vessels

A v Expected time of arrival of chartered vessel v and the availability date of the cargo to be exported in new vessel to charter v,

1 A 1, v v = ∀ ∈V . M v
Maximum waiting time in the harbor of chartered and new vessel to charter, Boolean parameter that equals 1 if vessel v is tide-dependent at its berthing, 0 otherwise.

1 M 0, v v = ∀ ∈V . D v Draft of vessel v. λ v Length of vessel v expressed
ω v
Boolean parameter that equals 1 if vessel v is tide-dependent at its departure, 0 otherwise ( )

α ω 1 v v + ≤ .
Vessels and time framework

γ v
Boolean parameter that equals 1 if the handling of vessel v is restricted to working periods (excluding, for example, weekends), 0 otherwise.

ψ vt
Boolean parameter that equals 1 if the handling of vessel v is not carried out during time period t, 0 otherwise.

Γ vt

Relative period of the absolute time period t of vessel v.

vt ϒ Absolute period of the relative time period t of vessel v.

G vt

Boolean parameter that equals 0 outside high tide cycles and during nonworking periods, 1 otherwise.

Vessels and quay cranes

θ q n vq
Handling time of vessel v if q n quay cranes of quay q are assigned to it. , , , ,

q n q vt vq n vtq q q v v t q n τ Γ + - =ϒ ∀ ∈ ∀ ∈ ∀ ∈ ∀ ∈ V T Q N .

Vessels, quays and sections

I vq

Boolean parameter that equals 1 if vessel v can berth at quay q, 0 otherwise.

N q Number of quay cranes at quay q.

W q s q Water depth of berthing section q s at quay q.

Vessels and contractual clauses

B v
Contractual handling time of vessel v.

J v

Laycan days of new vessel to charter v, these days are added to its handling time ( )

θ J 1 q n vq v
+and its contractual handling time ( )

B J 1 v v + -. δ v
Contractual departure time of vessel v, ( )

A B 1 , v v v v v v δ Γ + - =ϒ ∀ ∈V . η v
Contractual demurrage by hour for chartered vessel v,

1 η 0, v v = ∀ ∈V and 3 η 1, v v = ∀ ∈V . β v Contractual despatch by hour for chartered vessel v, 1 β 0, v v = ∀ ∈V and 3 β 1, v v = ∀ ∈V .
Thereafter, we can assign hourly demurrage and despatch rates not equal to one to new vessels to charter to see their impact on the economic criterion of the objective function. Consequently, it is the decision maker who will see how much he can accept the deterioration of the economic results.

Decision variable

Description q q

s n vtq x 1 if vessel v starts berthing in time period t at section q s of quay q, and q n quay cranes are assigned to it, 0 otherwise. Each berthed vessel has a residual handling time with a berthing time 1 t = and a predetermined berthing section at a quay and a predetermined number of quay cranes assigned to it. 

Representation of time

We define the parameter f 1 γ 2 α ,

v v v v = + + ⋅ ∀ ∈V to
specify if a vessel is tide-independent at its berthing or not and/or if its handling is restricted to working periods or not. So, this parameter can be equal to:

• 1: if vessel v is tide-independent at its berthing and its handling is not restricted to working periods ( )

α 0, γ 0 v v = =
• 2: if vessel v is tide-independent at its berthing and its handling is restricted to working periods ( )

α 0, γ 1 v v = =
• 3: if vessel v is tide-dependent at its berthing and its handling is not restricted to working periods ( )

α 1, γ 0 v v = =
• 4: if vessel v is tide-dependent at its berthing and its handling is restricted to working periods ( )

α 1, γ 1 v v = =
In order to know the index of working periods considering non-working periods, we define the parameter Γ vt . The Boolean parameter ψ vt equals 1 during non-working periods for vessels whose handling is restricted to working periods { } ( )

γ 1 f 2, 4 v v = → ∈ , 0
otherwise. Then we write

1 ψ 0 Γ ψ , , vt t t vt t vt t t v ′= ′ ′= = = - ∀ ∈ ∀ ∈ ∑ T V and ψ 1 Γ Γ , , vt vt vt t v ′ = = ∀ ∈ ∀ ∈ T V
, where t′ is the first working period after t, as it is the first

ψ 0 vt t t ′ ′ > = .
The operator "", which can be read « such as », defines a restriction of an index set by predicates. Consequently, it can be used in a summation (Σ) or a quantified formula (∀). Vessels whose handling is not restricted to working periods { } ( )

γ 0 f 1, 3 v v = → ∈ always have Γ , , vt t t v = ∀ ∈ ∀ ∈ T V . The reverse parameter vt ϒ
gives the calendar period of the working period t for vessel v. Vessel handling times do not change, but vessel departure times do change. The same approach can be applied to the planned non-availability periods due to the preventive maintenance of port equipment.

We also define the Boolean parameter G vt that equals 0 outside high tide cycles ( )

O 0 t =
for vessels that are tide-dependent at their berthing periods { } ( )

α 1 f 3, 4 v v = → ∈
or during non-working periods ( ψ 1 vt = ) for vessels whose handling is restricted to working periods { } ( )

γ 1 f 2, 4 v v = → ∈
, or 1 otherwise. An example of these parameters is shown in 

Decision time-interval

Naturally, we consider a longer planning horizon for the LBACAP, since planning new vessels to charter (i.e., LAP) is a tactical problem. In order to reduce the computation complexity and to take into account the increasing uncertainty of inputs as the length of planning horizon increases, we define a Boolean parameter K t that equals 1 if vessels can berth during time period t (without considering other constraints). The user of the model is free to define the values of K t . Consequently, this parameter enables us to restrict the periods when a decision can be made inside the planning horizon, and hence to change the decision time-interval. For example, during the first week, chartered vessels can berth every hour « 1 », hence K 1, t t = ∀ ; during the second week, every four hours « 0 -0 -0 -1», hence

( ) mod 4 K 1, | 0 t t t = ∀
= and K 0 t = otherwise; during the third week, every eight hours « 0 - 0 -0 -0 -0 -0 -0 -1», hence

( ) mod8 K 1, | 0 t t t = ∀
= and K 0 t = otherwise. New vessels to charter can be planned during the second and third week, providing for them an estimated position in the schedule. It should be noted that we can rerun the model whenever needed (e.g., when we have new and more precise information about vessels to charter or when some disturbances occur such as vessel delays, bad weather, etc.) and on a regular basis (e.g., every V , and some new vessels to charter ( ) 3

O t t / f v {1, 3} {2, 4} 1 2 3 4 {1, 3} {2, 4} {1, 3} {2, 4} 1 0 0 0 1 1 0 0 1 1 1 1 2 0 0 0 1 1 0 0 2 2 2 2 3 1 0 1 1 0 1 0 3 3 3 5 4 1 0 1 1 0 1 0 4 3 4 6 5 1 0 0 1 1 1 1 5 3 5 7 6 1 0 0 1
V will become chartered vessels ( )

. V

In Figure 3.4, we show a case of vessel scheduling update over a week. White for the value 1 (the vessel can berth) and gray for the value 0 (the vessel cannot berth). The arrays show the new value of each week after one week. For example, the upper sequence shows that a vessel can be positioned on period 172 in week 2. At this point, the precise berthing period is not known but is estimated on a 4-periods range, between periods 169 and 172. When the program is rerun a week later, week 2 becomes week 1, and the precise berthing period of the vessel is obtained. Modulating decision time-interval through the planning period enables us to integrate the LAP and the BACA(S)P that are on different decision levels, without increasing the number of variables too much, and without placing a border between the operational and tactical problems. Moreover, this solution does not modify the time unit of vessel handling times and high tide cycles. 

Mathematical model

The binary decision variable q q s n vtq x determines:

• For berthed and chartered vessel v: the berthing time t, the berthing quay q, the berthing position q s , and the assigned number of quay cranes q n .

• For new vessel to charter v: the laycan period: [ ] , J 1 v t t + -, the berthing quay q, the berthing position , q s and the assigned number of quay cranes q n .

The existence of the decision variable q q s n vtq

x is subject to the eight conditions cited below which significantly improves the computational performance of the LBACAP model since it is no longer necessary to introduce them as constraints in the model.

1. Vessel v can berth only at quays q for which the parameter I 1 vq = .

2. The number of quay cranes q n assigned to vessel v at quay q must be between its minimum and maximum allowed number: min max n n

v q v n ≤ ≤ .
3. Vessel v can berth only at time periods t for which the parameter K 1 t = . The other vessels whose handling is not restricted to working periods (γ 0) v = and that are tide-independent at their berthing (α 0) v = always respect this condition.

6. As vessel v that berths in time period t at quay q with q n quay cranes assigned to it will leave the port at its departure time period

( ) θ 1 , , , , 
q n q vt vq n vtq q q v v t q n τ Γ + -     =ϒ ∀ ∈ ∀ ∈ ∀ ∈ ∀ ∈     V T Q N , it can leave the port only if (1-ω )+ω O 1 n q vtq v v τ ⋅ = .
In other words, vessels that are tide-dependent at their departure (ω 1) v = , can leave the port during high tide cycles (O 1).

n q vtq τ =

The tideindependent at their departure (ω 0) v = always respect this condition.

7. The length of vessel v must not exceed the limit of its berthing quay q: S λ 1.

q q v s ≤ -+
8. The draft of vessel v must not exceed the water depth of its berthing section q s : W D .

q s v q

≤

If this condition is verified for the first section q s , it will be implicitly verified for the other sections occupied by the vessel because the water depth of sections does not decrease seaward.

To alleviate the mathematical model and enhance its readability, each predicate, that refers to one condition or more, is represented by a simplified form given in Table 3.3. The decision variable q q s n vtq

x exists when all predicates are true. 

I 1 vq = P vq q n min max n n v q v n ≤ ≤ P q n vq t K A A M 1 G 1 (1-ω )+ω O 1 n q vtq t v v v vt v v t τ = ∧ ≤ ≤ + ∧ = ∧ ⋅ = P q n vtq q s S λ 1 W D q q q v s v q s ≤ -+ ∧ ≤ P q s vq
The logical conditions of the existence of the decision variable q q s n vtq

x are the following ones:

{ } 0,1 , , P , P , P , P

q q q q q s n n n s vtq vq q q vq vtq q q vq x v q n t s ∈ ∀ ∈ ∀ ∈ ∀ ∈ ∀ ∈ ∀ ∈ V Q N T S
.

First, we define the intermediary variables of the LBACAP model which give respectively the number of active quay cranes serving vessel v at quay q and time period t, its expected departure time, and the inverse of its berthing section. P P P . , , , P q q n n n s q q q q q q vq q q vq vt q vt q s n vtq q vq vt q n t t t s

n x v t q τ ρ ′ ′ ′ ′ ′ ∈ ∈ ≤ ≤ ∧ ∈ = ∀ ∈ ∀ ∈ ∀ ∈ ∑ ∑ ∑ N T S V T Q P P P P , q q q n n s q q q vq q q vq vtq q q vq n s n v vtq vtq q n t s x v π τ ∈ ∈ ∈ ∈ = ⋅ ∀ ∈ ∑ ∑ ∑ ∑ Q N T S V P P P P / , q q n n s q q q vq q q vq vtq q q vq s n v vtq q q n t s x s v ε ∈ ∈ ∈ ∈ = ∀ ∈ ∑ ∑ ∑ ∑ Q N T S V
The LBACAP model can be formulated as follows:

[ ]

(β η ) v v v v v v Max w u ε ∈ ⋅ -⋅ + ∑ V (1) or ( ) v v v Min π ε ∈ - ∑ V (2) s. t. P P P P 1,
q q n n s q q q vq q q vq vtq q q vq s n vtq q n t s

x v
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We provide the possibility to choose among two objective functions depending on the actors involved in the port operations. When ports belong to one single shipper, the objective function ( 1) is more appropriate to use. It is an economic function that maximizes the sum of the difference between despatch money and demurrage charges of each vessel. The final term of the objective function (1) favors the berthing of vessels as close as possible to the port yard and enables to select one of the optimal spatial solutions that have the same economic results.

In the presence of several actors with conflicting monetary objectives, a physical objective function (2) can be used to minimize the sum of expected vessel departure times, by berthing each vessel as close as possible to its arrival time, with as many quay cranes as possible. As in (1), the second term of the objective function favors the berthing of vessels as close as possible to the port yard among equivalent solutions.

In both objectives functions, laycans are proposed for each new vessel to charter by making it arrive to the port as close as possible to the availability date of its cargo to be exported and leave the port as early as possible, without impacting the results of the already chartered vessels.

Constraint [START_REF] Golias | The Berth-Scheduling Problem: Maximizing Berth Productivity and Minimizing Fuel Consumption and Emissions Production[END_REF] ensures that vessel v starts berthing in a unique time period t, at a unique section q s of quay q, with a fixed number of quay cranes q n assigned to it.

Constraint (4) is a disjunctive spatiotemporal constraint that avoids spatiotemporal overlapping between vessels. The spatiotemporal location of a vessel v that berths in time period t at section q s of quay q, with q n quay cranes assigned to it (i.e., 1 q q s n vtq x = ), can be represented by a rectangle, located between the sections q q s s ′ = and λ 1 q q v s s ′ = +on the spatial dimension, and between the time periods t t ′ = and q n vtq t τ ′ = on the temporal dimension (or θ 1 q n vq t t ′ = + if the handling of vessel v is not restricted to working periods, which is implicitly performed in the general definition of q n vtq τ ). Consequently, vessels that berth before or after vessel v during its handling time at the same quay q, must avoid overlaps.

Figure 3.5 illustrates some forbidden overlaps once "Vessel A" has been berthed. Constraint ( 5) ensures that in time period t, the number of active quay cranes serving all vessels that are present in a quay q is not greater than the available number of identical quay cranes N q at this quay.

The difference between the expected departure time for vessel v and its contractual departure time can be written as:

δ . v v π -
The integer variable v u should verify the constraints ( 6), ( 7) and ( 10) in order to determine the delay of vessel v, and the integer variable v w should verify the constraints (8), ( 9) and (10) in order to determine its advance.

When the objective function ( 2) is used, we only consider the binary variable q q s n vtq

x and the constraints ( 3), ( 4) and (5). Consequently, the LBACAP model becomes a zero-one integer programming model.

Description and formulation of the LBACASP

Description of the LBACASP

In the LBACASP, each quay has a number of cranes with different processing rates.

Therefore, a group of heterogeneous quay cranes is assigned to each vessel (Figure 3.6). For example, if a quay has 4 cranes and the maximum number of quay cranes that can be assigned to any vessel is 3, then the possible groups of quay cranes are: {1}, {2}, {3}, {4}, {1, 2}, {2, 3}, {3, 4}, {1, 2, 3}, and {2, 3, 4}. The quay cranes in each group must be sorted in increasing order. Dealing with heterogeneous quay cranes makes some berthing positions more attractive than others in the same quay due to higher performance. Consequently, a berthing position that is served by a more efficient quay crane tends to be used more often than the other positions. Moreover, each quay crane has a maximum outreach in the quay (Figure 3.7). Index Description q g Index of groups of quay cranes at quay q

{ } 1,..., G q q = G . q c
Index of quay cranes at quay q { } 1,..., N

q q = C
. A quay crane positioned closer to the port yard has a lower index.

Parameter Description

Groups of quay cranes n q g q Number of quay cranes in group q g . l q g q Index of the leftmost quay crane in group q g (e.g., l 2 q g q = in group {2, 3, 4}).

r q g q Index of the rightmost quay crane in group q g (e.g., r 4 q g q = in group {2, 3, 4}).

L q g q Index of the leftmost berthing section accessible by the leftmost quay crane in group q g . R q g q Index of the rightmost berthing section accessible by the rightmost quay crane in group q g .

Vessels B v

Contractual handling time of vessel v.

θ q g vq
Handling time of vessel v if group q g of quay cranes is assigned to it. ( )

θ 1 , , , , 
q g q vt vq g vtq q q v v t q g τ Γ + - =ϒ ∀ ∈ ∀ ∈ ∀ ∈ ∀ ∈ V T Q G .

Decision variable

Description

q q s g vtq y 1 if vessel v starts berthing in time period t at section q s of quay q, and group q g of quay cranes is assigned to it, 0 otherwise. This decision variable replaces the binary variable q s n vtq

x of the LBACAP model. q c tq z

Position of quay crane q c at quay q in time period t. q c tq z is integer because it refers to a section of the quay.

Mathematical model

The existence of the decision variable q q s g vtq y is also subject to eight conditions. However, condition 7 becomes more restrictive. Indeed, the new condition says that all berthing sections occupied by vessel v must be outreached by all the quay cranes in the group q g assigned to this vessel. In other words, the indices of the first and the last berthing sections occupied by vessel v must be within the outreach range of its assigned group of quay cranes q g : , +λ 1 L , R L R λ 1 q q q q g g g g q q v q q q q q v s s s

    -⊂ ⇒ ≤ ≤ -+      
. Figure 3.8 illustrates this condition.

The condition that states that the length of each vessel must not exceed the limit of its assigned quay is implicit in this condition. As in the LBACAP model, each predicate, that refers to one condition or more, is represented by a simplified form given in Table 3.4. The decision variable q q s g vtq y exists when all predicates are true. 

I 1 vq = P vq q g min max n n q g v q v n ≤ ≤ P q g vq t K A A M 1 G 1 (1-ω )+ω O 1 g q vtq t v v v vt v v t τ = ∧ ≤ ≤ + ∧ = ∧ ⋅ = P q g vtq q s W L R λ 1 D q q q g g s q q q v v q s ∧ ≤ ≤ -+ ≤ P q q s g vq
The logical conditions of the existence of the decision variable q q s g vtq y are the following ones:

{ } 0,1 , , P , P , P , P q q q q q q s g g g s g vtq vq q q vq vtq q q vq y v

q g t s ∈ ∀ ∈ ∀ ∈ ∀ ∈ ∀ ∈ ∀ ∈ V Q G T S .
In the LBACASP, the definition of the already introduced intermediate variables, v π and v ε , which give respectively the expected departure time and the inverse of the berthing section for vessel v become: P P P P , q q q g g s g q q q q vq q q vq vtq q q vq g s g v vtq vtq q g t s
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The LBACASP model can be formulated as follows:
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The first two constraints of the LBACASP model are similar to the first two constraints of the LBACAP model with some differences in the formulation: Constraint (11) ensures that vessel v starts berthing in a unique time period t at a unique section q s of quay q, with a group of quay cranes q g assigned to it.

Constraint ( 12) is a disjunctive spatiotemporal constraint that avoids spatiotemporal overlapping between vessels.

Constraints (13) to ( 16) guarantee that quay cranes are assigned to vessels v in the correct sequence. These four constraints are inspired by [START_REF] Türkoğulları | Optimal berth allocation and time-invariant quay crane assignment in container terminals[END_REF]:

• Constraint (13) states that the positions of quay cranes q c at quay q are respected by their indices. So, during time period t, the position of quay crane q c is always less than or equal to the position of quay crane 1 q c + at quay q.

• Constraint ( 14) ensures that the last quay crane N q is positioned within the quay q.

• Constraint (15) ensures that the position l g q q t q z ′ of the leftmost quay crane l q g q in the group q g assigned to vessel v is greater than or equal to its berthing section q s , between its berthing time t t ′ = and its end of handling . q g vtq t τ ′ =

• Constraint ( 16) ensures that the position r g q q t q z ′ of the rightmost quay crane r q g q of group q g assigned to vessel v is less than or equal to its last occupied berthing section λ 1 q v s + -, between its berthing time t t ′ = and its end of handling q g vtq t τ ′ =

.

Constraints ( 6) to ( 10) of the LBACAP model that determine the delay or the advance of vessel v and the objective functions (1) and ( 2) are also valid for the LBACASP model.

Computational experiments

In this section, we report the computational results obtained on instances generated by our test instance generator. We also present two illustrative examples, one for the LBACAP model and one for the LBACASP model, in order to show the integration of the LAP with the BACAP and the BACASP, and all the considered characteristics (the multiplicity of quays, the variation of water depth, the productivity and the outreach of quay cranes, vessel tidedependency, and non-working periods). The formulations are written on Mosel and implemented in Xpress-IVE Version 1.24.24, with 64 bits. All the tests are run on a computer with Intel Xeon CPU E3-1240 v5 @ 3.50 GHz -64 GB RAM and using the Xpress Optimizer Version 33.01.05 with the default options.

Generation of test instances

In order to generate test instances to evaluate the quality of the proposed models, we have built an instance generator, on simulation software, which accepts all the relevant characteristics of the problems as configurable parameters and produces representative and feasible instances.

Since the LBACAP and the LBACASP integrate operational and tactical problems, 4

weeks is a reasonable time span for such problems. Therefore, for all instances, we consider a time horizon of 4 weeks discretized in units of 1 hour 672 = T

. The operational part of the problem requires a detailed schedule with a certain precision (an hourly schedule is appropriate), while the decisions for the tactical part only need to be global (a schedule with a precision of half a day is sufficient). Therefore, the decision time-interval, arbitrarily decided by port managers, may vary inside the planning horizon. In our example, a vessel may berth at any hourly period during the first week; during the second, third and fourth week, berthing is allowed only every 4, 8 and 12 hours respectively. Whatever the decision time-interval is, the physical consequences of model decisions (departure dates, quay crane utilization, etc.) are defined using an hourly scale. The detailed characteristics of time periods are shown in the file Time.xlsx.

The data related to quays and cranes are generated as follows:

• Each quay is 1000 meters long and discretized in units of 50 meters (i.e., 20 q = S ) or 10 meters (i.e., 100 q = S

). It has to be noted that the choice of the discretization unit of the lengths is linked to the length of vessels and the quays of the studied port.

• The berthing sections of each quay are characterized by 3 classes of water depth as in Table 3.5 (the water depth increases as the class number increases). • In the LBACAP model, each quay has 10 q = N homogeneous cranes.

• In the LBACASP model, each quay has 10 q = N heterogeneous cranes with outreach conditions. Since we set the maximum number of quay cranes that can be assigned to any vessel to 3, the number of the possible groups of heterogeneous quay

cranes is 27 q = G
. These latter are distributed as follows: 10 groups of 1 crane, 9 groups of 2 cranes and 8 groups of 3 cranes. The detailed characteristics of these groups of quay cranes are shown in Table 3.6. Group of quay cranes n g q q L g q q R g q q n g q q L g q q R g q q 50 m 10 m 20 {1, 2, 3} Group of quay cranes n g q q L g q q R g q q

The data related to vessels are generated as follows:

• The interarrival times of vessels are generated through an exponential distribution with parameter { } 10, 7.5, 5 in the LBACAP model and { } 15, 12.5, 10 in the LBACASP model.

• The lengths of vessels are generated through the uniform distribution [ ] U 150, 350 .

The kind of vessel depends on its length (see columns 1 and 2 of Table 3.7).

• Depending on the kind of each vessel, we define its maximum handling time

1 max θ θ q n v vq = =
, its class of draft, and the minimum and the maximum number of quay cranes that can be assigned to it as in Table 3.7. After that, we calculate the handling time of each vessel when q n quay cranes are assigned to it as follows: • Half of Jumbo vessels are tide-dependent while entering the port, and the other half while leaving it. Feeder and Medium vessels are tide-independent.

• 30% of vessels are handled only in working days.

• Only 5% of vessels have restricted berthing quays to let the choice of the berthing quay open.

• We consider the uniform distribution [ ] U 50, 150 for the contractual demurrage per hour, and its half gives the contractual despatch per hour.

• The maximum waiting time in the harbor is 3 days for all the chartered vessels, and one week for all the new vessels to charter.

• The laycan days are either 2 or 3 days for the new vessels to charter.

Illustrative examples

In this section, we present two typical schedules that the port manager can obtain by using the proposed methods. In Figure 3.9 (LBACAP), the legend describes the color code for each vessel subject to the set of constraints, green vessels having no constraints. At the bottom of the Gantt chart, we observe a one-week time frame (from Thursday of week 2 to Tuesday of week 3) with the high-tide periods and the timeline in hours. The decision time-intervals are highlighted every 4 hours for week 2 and every 8 hours for week 3. The solution respects all constraints:

• A number of homogeneous quay cranes is assigned to each vessel. For instance, 2 quay cranes are assigned to "Vessel 44" in quay 1 (2 QC, depicted on the rectangle representing the vessel). At no time slots, the capacity of 6 cranes for quay 1 and 7 cranes for quay 2 is overpassed.

• All vessels are berthed at restricted time periods for which a decision can be made.

• Since "Vessel 62" is a Jumbo vessel, it occupies sections with high water depth.

• "Vessel 59" is tide-dependent at berthing, so it enters to the port during high tide.

• "Vessel 54" is tide-dependent at departure, so it leaves the port during high tide.

• The handling of "Vessel 53" stops during non-working hours because it has a SSHEX clause.

• "Vessel 97" and "Vessel 98" are vessels for which a laycan has to be decided. For instance, for "Vessel 97" the optimal laycan is proposed between 280 t = and 326 t = .

"Vessel 97" can berth at any time period during the proposed laycan without impacting the economic results of the already chartered vessels. The actual berthing time will be assigned more precisely as time progresses and the status of the vessel evolves from a new vessel to charter to a chartered vessel.

The legend of Figure 3.10 (LBACASP solution) is similar. In this case, we can see which quay cranes are assigned to which vessels (e.g., "Vessel 44" will be served by cranes 3 and 4 on quay 2). On the left-hand side of the Gantt chart, the outreach and the productivity of each crane are also illustrated.

By comparing the two Gantt charts, we can see that vessel handling times are shorter in the LBACASP model. Indeed, since quay cranes are heterogeneous in each quay, the most productive quay cranes tend to be used more. Moreover, vessels are berthed in such a way that quay cranes outreach is respected. Thanks to the integration of these problems, the port managers can propose laycans for the new vessels to charter considering the allocations of already chartered vessels, thereby avoiding the payment of demurrage charges, and knowing when to accept or refuse a new vessel to charter.

Evaluation of the LBACAP and the LBACASP models

In this section, we explore the computational performance of the proposed models. One of the objectives is to verify if the proposed models can be solved in a reasonable time using commercial software. The other objective is to observe how some of the parameters of the models, namely, the number of quays, the number of vessels and the discretization unit of the quay and vessel lengths, impact the computation time.

For the LBACAP model, we generated two groups of test instances. The first group is for the case when the quay and vessel lengths are discretized in units of 50 meters and the second group represents a finer discretization with a base unit of 10 meters per section. Note that the discretization unit influences the observed performance. The explanation is simple and is based on observation from an independent simulation of 10 000 random scenarios, in which one seeks to saturate a 1 000 meters quay by instant arrivals of vessels of random length (Uniform distribution [ ] U 150, 350 ). With discretization size of 1, 10, 20, 25, 40 and 50 meters for the quay and vessel lengths, the average number of vessels the quay can hold at any given time is estimated as 3.52, 3.47, 3.41, 3.38, 3.31 and 3.25 vessels, respectively. The more the discretization unit increases, the less the quay capacity can be saturated. As a result, some good solutions may be ruled out with a greater discretization. In this section, the choice of 50 and 10 meters discretization is arbitrary but inspired by Correcher et al. (2019).

In each group, we consider 3 sets of instances by varying the number of quays:

{ } Q 1, 3, 5 ∈ , and in each set, we consider a different number of vessels:

{ }

V 50, 75, 100 ∈ .

Consequently, we generated 18 scenarios (2 groups x 3 numbers of quays x 3 numbers of vessels). Each scenario represents a quays and vessels combination and consists of 10 instances generated using the instance generator described in Section 3.5.1. Hence, we tested 180 instances (18 scenarios x 10 instances) for the LBACAP.

In the case of the LBACASP model, a total of 90 instances (3 numbers of quays x 3 numbers of vessels x 10 instances) are generated for a combination of 

Evaluation of the LBACAP model

The results obtained for the LBACAP model are shown in Table 3.8. Results for the 50 meters discretization are at the upper part of the table, while the results for the 10 meters discretization are presented at the lower part. The experiments are performed for both the economical objective function (LBACAP eco) and for the physical objective function (LBACAP phy). For each number of quays and number of vessels couple (Q, V), Table 3.8

shows the number of instances solved and the number of instances solved to optimality among the 10 instances tested, the average computation time in seconds, the average and maximum optimality gap, and the average time-space occupancy in percentages. Each average equals the sum of the values divided by the number of instances that are solved (the non-solved instances are not included in the calculation of the averages). For each instance, the computation time was limited to 1 hour. The empty fields for the 10 meters discretization indicate that no feasible solutions were found within the time limit and thus, it was not possible to calculate the statistics. Xpress calculates the time-space occupancy, which measures the maximum spatiotemporal occupations of vessels within the planning horizon and quay spaces, as follows: (

) ( )
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, and the gap as follows:

100 ( ) / ub lb ub ⋅ -. In the case of a minimization problem (physical criterion), lb is the value of the best lower bound obtained within the time limit, and ub is the value of the objective function corresponding to the best integer solution achieved. In the case where the objective function is maximized (economic criterion), ub is the best upper bound obtained within the time limit, and lb is the value of the objective function corresponding to the best integer solution achieved. First, for a fixed number of quays, increasing the number of vessels increases the computation time for all scenarios. Note that this also increases the occupancy rate. However, increasing the number of quays for a fixed number of vessels does not always increase the computation time (see, for instance, V=100 for 50 meters discretization). Indeed, this results in higher resource availability and, hence, in lower congestion in the port. We conclude that the computation time is highly related to how busy the port is.

Second, we are able to solve to optimality instances up to 100 vessels and 5 quays within a time horizon of 4 weeks in the case of the 50 meters discretization in computation times not exceeding 1 hour (and in less than 5 minutes on the average in most cases). This is a significant outcome in terms of the size and the characteristics of the instances since to the best of our knowledge, there are no reported solutions in the literature for this integrated problem of this size and all these characteristics. Some instances in the case of 100 vessels and 1 quay are not optimally solved due to their high congestion (a time-space occupancy that exceeds 60%), and some instances are not solved or optimally solved in the case of the 10 meters discretization due to the time limit of 1 hour. Therefore, in Table 3.9, we report the results of the LBACAP with the 10 meters discretization and a computation time limited to 3 hours instead of 1 hour.

Table 3.9: Solving the LBACAP with a computation time limited to 3 hours

As can be seen, the instances that are not solved when setting the time limit to 1 hour, are now solved optimally. We believe that a computation up to 3 hours is acceptable for this size of problems, where the planning horizon is 4 weeks and the model is occasionally rerun (ideally, once a week to refine the next week's schedule and/or when a laycan needs to be determined for a new vessel to charter, or when a change occurs in the inputs of the problem).

Finally, we note that the computation times in the case of the economic objective function are shorter than the case of the physical objective function. This could be explained by the despatch and demurrage coefficients in the economic objective function and the absence of coefficients in the physical one. Indeed, the coefficients orient the problems faster to the solution. In Table 3.10, we report the average optimal objective values of the instances that are solved to optimality when computation time is limited to 3 hours (the instances that are not solved to optimality are not included in the calculation) in the cases of the 50 meters and the 10 meters discretization unit and the difference between the two cases in percentages. As can be seen, the average optimal objective function values in the case of the 10 meters discretization are better than in the case of the 50 meters discretization. Indeed, in the search for an optimal solution, some possible solutions may be ruled out in the case of coarse discretization, especially in problems leading to high quay saturation. This parameter needs to be fine-tuned in case of busy ports. For the instance set we have tested, we observe that the difference is 6.9% on average in the case of the economic objective function and only 0.1% on average in the case of the physical objective function, thereby the 50 meters discretization of the space seems sufficient enough for the resolution of the problem, especially if a physical objective function is used.

As a summary, we can conclude that the proposed LBACAP model can be solved, most of the time, optimally in a reasonable time using commercial software. The discretization unit of the quay and vessel lengths, the objective function and the occupancy rate have a strong influence on the computation time and/or the quality of the solution. The occupancy rate is an external factor, and the choice of the objective function depends on the relationship between the port actors. However, the decision maker can play with the discretization unit to balance between the quality of the solution and the computation time.

Evaluation of the LBACASP model

In this section, we discuss the results of the LBACASP model. As can be seen, we are able to solve to optimality instances up to 50 vessels and 5 quays within a time horizon of 4 weeks in short times. All the instances of the LBACASP are solved to optimality. It has to be noted that the LBACASP model is more difficult than the LBACAP model, especially since the heterogeneous quay cranes are considered. Indeed, as the number of heterogeneous quay cranes increases, the combination of groups of quay cranes increases, which increases the number of variables and constraints (e.g., see Table 3.6, where 10 quay cranes result in 27 groups of quay cranes).

Conclusions

The belong to a single shipper. We also considered many characteristics in the definition of the integrated problem to make it as close as possible to the reality, such as tidal ports with multiple quays and different water depths, and non-working periods. All the conditions related to these characteristics have been formulated as predicates, which has ensured maximum flexibility in the implementation of the model, thereby significantly improving its computational performance. As the computational study shows, the LBACAP model can be used to obtain the optimal solution in reasonable computation times for different classes of instances with up to 100 vessels and 5 quays within a time horizon of 4 weeks.

Since the LBACAP assigns only homogeneous cranes to vessels per quay, we have also introduced a new integer programming model for the integrated Laycan and Berth Allocation and Specific Quay Crane Assignment Problem (LBACASP). This latter assigns a set of specific quay cranes to each vessel in the same quay, considering the maximum outreach of each quay crane, and thus produces more realistic solutions. Despite its complexity, we can solve instances with up to 50 vessels and 5 quays within a time horizon of 4 weeks.

Our models could be extended to the time-variant version of the Quay Crane Allocation Problem while limiting quay cranes changes between each period. It has to be noted that the optimal solutions proposed by both models may be infeasible because of the unavailability of cargo to be exported in vessels. Indeed, in practice, there is a strong interaction between vessels' loading and production, unless an important decoupling of these problems is done by high stock levels, which is an expensive solution. So, as a perspective, we would develop a decision support system (DSS) to integrate the different port problems of allocation and scheduling, all in considering the constraints of the upstream supply chain.

Introduction

With an estimated 80 per cent of the volume of world merchandise trade by sea, international shipping and ports provide crucial linkages in global supply chains and are essential to enable all countries to access global markets (UNCTAD, 2020). Although containerization has revolutionized the shipping industry, bulk cargoes are still the fundamental and enduring trades that support the dynamism of maritime transport. Five cargo types can be distinguished: container cargo, liquid bulk, dry bulk, break-bulk cargo, and ro-ro. In container terminals, all cargo is packed into standard containers, and thus there is no need for any specialized equipment to handle any particular type of cargo. In contrast, cargo is not packaged in bulk ports and a wide variety of loading/unloading equipment and means of transport is used depending on the vessel requirements and cargo properties. For example, dry bulk goods are handled using fixed bulk-handling cranes and are transferred using conveyors between storage hangars and bulkers considering conveyor routing constraints, while liquid bulk goods need pipelines to be handled and transferred between storage tanks and tankers.

On the other hand, containers are handled using mobile cranes and are transferred between storage areas and container ships using internal vehicles.

Despite their importance in maritime logistics, bulk ports have received less attention than container terminals in the scientific literature. This research considers tidal bulk ports in which dry bulk goods are transferred from storage hangars to berthing positions using conveyors. Our approach integrates two important decision problems in port management: the tactical Laycan Allocation Problem (LAP) and the operational Berth Allocation Problem (BAP). The LAP assigns berthing time windows to new vessels to charter within a mediumterm planning horizon (three to four weeks), considering the availability of cargo and port resources (berthing positions, handling equipment, etc.). Hence, the LAP has a clear interaction with one of the most important operational problems in the seaside area of ports:

the BAP. The latter assigns berthing positions and times to every vessel projected to be served within a short-term planning horizon (one to two weeks) such that a given objective function is optimized. To easily manage the integration between these two problems that have different decision levels, we consider a modular decision time-interval inside the planning horizon.

This approach was first proposed in Chapter 3 to integrate the LAP with the integrated Berth Allocation and Quay Crane Assignment Problem (BACAP) in the context of container terminals. To the best of our knowledge, the current paper is the first research to integrate the LAP and the BAP in the context of bulk ports, considering conveyor routing constraints with preventive maintenance activities between storage hangars and berthing positions.

This study also considers all common constraints of port management listed below and never considered altogether in bulk ports modeling. These constraints relate to 1) the multiplicity of quays, 2) navigation channel restrictions, 3) the variation of water depth, 4) vessel tide-dependency, 5) the productivity of loading equipment, 6) charter party clauses and 7) non-working periods. These constraints are quite common in real port operations. Including them in the model increases the application potential of the resulting solutions.

Finally, we use predicates in the proposed integer linear programming model to define the feasibility zone of decision variables. This approach permits reducing the number of variables and constraints and hence makes it possible to solve real size problems using commercial software. This type of formulation has successfully been used in Chapter 3. The current paper confirms its efficiency.

The remainder of this paper is organized as follows. In Section 4.2, we present a literature review of the BAP and the LAP in the context of bulk ports. Section 4.3 is dedicated to the description of the LBAP, while Section 4.4 is dedicated to its mathematical formulation. In Section 4.5, we present a case study with an illustrative example, then we discuss the results. Finally, in Section 4.6, we draw some conclusions and indicate future research directions.

Literature review

In this section, we review the academic literature on the BAP and the LAP in the context of bulk ports.

BAP Literature

The BAP in bulk ports has received little attention in OR literature compared to container terminals until recently. A list of papers that propose new models for the BAP in the context of bulk ports, as an individual problem or using an integrated approach, are described below.

The berth layout can be either discrete, continuous, or hybrid. [START_REF] Barros | Model and heuristic for berth allocation in tidal bulk ports with stock level constraints[END_REF] propose an integer linear programming model for the discrete BAP considering homogeneous berthing positions with tide and stock level constraints, prioritizing vessels related to the most critical mineral stock level. The authors then propose a Simulated Annealing-based algorithm as a valid alternative to the commercial solver to find good and fast solutions for hard instances. [START_REF] Ribeiro | Berth allocation in an ore terminal with demurrage, despatch and maintenance[END_REF] also solve the discrete BAP by proposing a mixed-integer linear programming model considering maintenance activities. The authors model each arrival time of vessels, the unavailability of certain resources and the addition of new resources.

In the same logic of integrating problems, [START_REF] Unsal | An exact algorithm for integrated planning of operations in dry bulk terminals[END_REF] propose an exact solution procedure for an integrated problem that consists of three operations: berth allocation, reclaimer (a large machine used to recover bulk material from a stockpile) scheduling and stockyard allocation, considering tide and reclaimers non-crossing constraints.

The authors develop a novel logic-based Bender's decomposition algorithm in which a master problem and a subproblem are modeled using mixed-integer programming and constraint programming, respectively. The subproblem's role is either to find a feasible schedule for reclaimer schedules and yard allocations given mooring and departure times of vessels or to prove that the problem instance is infeasible.

Note that few papers consider tide with navigation channel restrictions such as the maximum number of vessels to pass simultaneously through the navigation channel and the vessels' incapability to pass in opposing directions. These restrictions are considered by [START_REF] Zhen | Daily berth planning in a tidal port with channel flow control[END_REF] and [START_REF] Corry | The Berth Allocation Problem with Channel Restrictions[END_REF] in the context of container terminals. In the context of bulk ports, [START_REF] Pratap | An integrated decision support system for berth and ship unloader allocation in bulk material handling port[END_REF] develop a decision support system to solve the integrated problem of berth and ship unloader allocation, under the condition that the channel allows only one vessel to pass at a time, using metaheuristics. The authors consider two different approaches: either solving the problem sequentially as a two-phase optimization model, berth allocation and ship unloader allocation or integrating the two phases in a singlephase problem. The integrated approach gives a better result than the sequential approach, but the latter is useful for the port authorities to revise their contract with their clients. Liu et al. (2021) propose a mixed-integer linear programming model for integrated planning of berth allocation and vessel sequencing in tidal seaports with one-way navigation channel, which obliges vessels to queue up to enter or leave the port alternately. The authors also develop a tailored adaptive large neighborhood search algorithm to solve the integrated problem within a reasonable time. [START_REF] Krimi | A rolling horizon approach for the integrated multi-quays berth allocation and crane assignment problem for bulk ports[END_REF][START_REF] Krimi | Modelling and solving the multi-quays berth allocation and crane assignment problem with availability constraints[END_REF] study the integrated Berth allocation and Quay Crane Assignment Problem in tidal bulk ports with multiple quays, vessels with multiple cargo types, and unavailability constraints due to preventive maintenance of quay cranes and bad weather conditions. The authors develop a general variable neighborhood search-based approach to solve instances the commercial solver failed to solve optimally.

We also note that we found no papers that consider the BAP with conveyor routing constraints between storage hangars and berthing positions. Some authors consider conveyor routing constraints in other problems. For example, [START_REF] Menezes | A branch and price algorithm to solve the integrated production planning and scheduling in bulk ports[END_REF] study the production planning and scheduling problem in bulk ports which defines the amount and destination of each product and simultaneously establishes a set of feasible routes from storage subareas to vessels, where there is no conflict regarding equipment allocation.

However, the authors consider the berthing positions of vessels as inputs in the problem.

The journal papers cited above are summarized in Table 4.1, in which the following information is presented.

• Port type: either import or/and export ports.

• Spatial attribute: it concerns the berth layout (either discrete, continuous or hybrid), the number of quays (either a single quay or multiple quays), and it specifies if the BAP considers the draft of berthing positions and the restrictions of the navigation channel and the conveyor system when deciding on a vessel's berthing position.

• Temporal attribute: it describes the arrival process of vessels (either static or dynamic), and it specifies if the BAP considers tide constraints and non-working periods (e.g., non-working days and maintenance activities) when deciding on a vessel's berthing time.

• Handling time attribute: it describes the productivity of handling equipment (either homogeneous or heterogeneous). In the case of homogeneous handling equipment, handling time of vessels is fixed, while it is variable in the case of heterogeneous handling equipment. The attribute also specifies if the BAP considers the distance between berthing positions and storage locations when calculating a vessel's handling time.

• Performance measure attribute: it specifies the optimization criteria used in the objective function (either efficiency or effectiveness). Most models consider minimizing various times or costs.

• Vessel cargo types: it specifies if a vessel carries only a single type or multiple types of cargo.

• Problems integrated with the BAP: it specifies the problems that are integrated with the BAP when the latter is studied using an integrated approach.

• Resolution approach: either exact methods, heuristics, or/and metaheuristics.

• Modeling choices: it specifies if the conditions of the BAP (berthing time and space, draft, tide, navigation channel, non-working periods) are modeled as either constraints or predicates using binary variables. For detailed reviews of the BAP literature in the context of container terminals, we refer readers to Bierwirth andMeisel (2010, 2015).

LAP Literature

While BAP literature is abundant, only on work was found that deals with the LAP. [START_REF] Lorenzoni | A multi-mode resourceconstrained scheduling problem in the context of port operations[END_REF] develop a mathematical model, based on a multi-mode resource-constrained scheduling problem improving the attendance of vessels. The proposed model determines laycans in a way that avoids simultaneous or nearly simultaneous arrivals of vessels competing with the same port resources (berthing positions, handling equipment, etc.). However, the authors assume the first-come, first-served regime of attendance, which could exclude certain solutions with better results, unlike the BAP that explores every possible berthing solution without being restricted to a certain regime of attendance.

In Chapter 3, we study the integrated Laycan and Berth Allocation and time-invariant Quay Crane Assignment Problem in tidal ports with multiple quays. Then, we extend the integrated problem to the Specific Quay Crane Assignment, which includes the assignment of a set of specific quay cranes to each vessel. We note that this research is more suitable for container terminals since it does not specify the cargo type, which is an important point in bulk ports.

As a conclusion to this section, we highlight that in this paper, we propose a new integer linear programming model for a new integrated problem: the LBAP in the context of bulk ports. Moreover, we consider numerous conditions related to port management in the definition of the LBAP, which reduces the gap between the abstract representation of the studied problem and its applicability in real situations. Indeed, our model considers tidal bulk ports that have conveyor routing constraints between storage hangars and berthing positions with preventive maintenance activities, a navigation channel, multiple quays with different water depths and heterogeneous loading equipment, vessels with multiple cargo types, charter party clauses and non-working periods.

Problem description

In this section, we present all the constraints considered in the problem modelling. These constraints include both general port constraints and specific bulk port constraints. Then we present some possible optimization criteria related either to efficiency or to effectiveness.

General port constraints

We consider a tidal port with multiple quays. Each quay has as hybrid layout where large vessels may occupy more than one berthing position, however, small vessels cannot share a berthing position. In Figure 4.1, the vessel 3 occupies the berthing position 5 that is the union of the berthing positions 3 and 4, however, the vessels 2 and 2′ cannot share the berthing position 2. We consider three types of vessels:

• Already berthed vessels: these vessels have residual handling time and a predetermined berthing time and position.

• Chartered vessels: the charter party of these vessels is already signed. Consequently, their expected arrival time is fixed. The decisions remaining to take are when and where to berth.

• New vessels to charter: the charter party of these vessels is under negotiation.

Consequently, their laycan is not yet fixed. The decisions to take are the first layday and where to berth.

We assume dynamic vessel arrivals which means that expected arrival times are given for chartered vessels. Each vessel is characterized by a length and a draft. A maximum waiting time in the harbor per vessel is also introduced to circumvent solutions with very high waiting times. The port manager can fix this parameter based on what he judges acceptable.

Besides this practical relevance, it also plays an interesting role in the computational performance by limiting the search space. We also consider the technical constraints of vessels that prohibit their berthing at some berthing positions or oblige them to berth at a specific berthing position.

In tidal ports, the use of the navigation channel is impacted by the tide cycle. We assume that large loaded vessels that have deep drafts are not able to pass through the navigation channel, while leaving the port during low tides, and thus have to wait for high tide cycles where the sea level is superior to their drafts. The detailed calculation of tide parameters is shown in the file Tide.xlsx9 . Moreover, a maximum number of vessels must not be exceeded in each period of time while passing simultaneously through the navigation channel.

We also consider non-working periods, which can either be included or excluded in the counting of the laytime. For example, in SSHEX (Saturdays/Sundays/Holidays Excluded), the time lost in port on Saturdays, Sundays and Holidays does not count as laytime (from 5 pm on Friday until 8 am on Monday, and on holidays from 5 pm of the day preceding a holiday until 8 am of the next working day), while in SSHINC (Saturdays/Sundays/Holidays Included), no exception periods are in effect and the laytime will count seven days a week as well as during holidays.

Specific bulk port constraints

Each berthing position in the port is characterized by a fixed bulk-handling crane also characterized by a productivity (see Figure 4.2). Berthing positions are linked to storage hangars by a conveyor system, which can be divided into sections composed of identical parallel conveyors. The number of the latter differs from the number of conveyors linked directly before each section (e.g., in Figure 4.3, the section 1 is linked upstream to four storage hangars by four conveyors but has only three identical parallel conveyors). The number of possible routes is quite high (e.g., more than 1.3 million combinations in the example of Figure 4.3). It must be noted that all potential routes cannot be operational at the same time since a conveyor cannot transport two different bulk products at a time. This particularity is used to circumvent the combinatorial nature of the problem by defining compatible routes [START_REF] Menezes | A branch and price algorithm to solve the integrated production planning and scheduling in bulk ports[END_REF]. Two routes are said to be compatible if and only if they do not share a conveyor (or a switch). This reduces considerably the number of routes to consider in assigning conveyors. However, it is a delicate task to list all compatible routes without errors.

Therefore, in this paper, we adapt another approach. Instead of considering a conveyor assignment problem, we consider conveyor capacity allocation. To this end, we divide the port conveyor system into sections (for example, two sections, s=1 and 2, in Figure 4.3). We define two parameters: the first one gives the number of identical parallel conveyors in each section that expresses the maximum number of bulk products that can be transported simultaneously in the given section (e.g. in berthing positions and sections) that specifies which section is needed to transfer a product from a given hangar to a given berthing position (e.g., in Figure 4.3, the conveyors of any route between berthing position 1 and storage hangar 3 belong to sections 1 and 2). This allows replacing a list of compatible routes that is hard to build free of errors, by a simple constraint that limits the number of identical parallel conveyors to use simultaneously in a section, at a given time period. The solution to our model will provide which bulk product to be transported from which hangar to which berthing position at a time, respecting this capacity constraint. Given this solution, the allocation of conveyors and the maintenance of the model in case of infrastructural changes in the conveyor system can be done easily a posteriori.

We also consider scheduled preventive maintenance activities to be performed at the conveyors and berthing positions over a period of time or at a fixed date. Maintenance activities at conveyors in the same section can overlap with each other while they are disjoint at a berthing position. Some berthing positions can also be unavailable due to bad weather.

We note that the conveyor system is the bottleneck of the port since it limits the number of vessels that can be handled simultaneously (e.g., in Figure 4.3, only four out of ten vessels can be handled simultaneously).

Handling times of vessels depend on loading equipment's productivity in the berthing positions, and a vessel can be served by more than one loading equipment depending on its length. Each vessel is also characterized by a number of cargo types with different amounts to load on it. These amounts of cargo types can be expressed as batches. Each batch is characterized by an availability date and a storage hangar. It has to be noted that the batches to load on a single vessel can be stored in the same hangar or different hangars. We assume that only one batch at most can leave a storage hangar at a time and that two (or more)

batches cannot be loaded at the same time on a vessel, but they can be loaded in any order without downtime. This assumption favors the waiting of vessels in the harbor until their continuous loading is guaranteed to minimize their berthing time in the port.

In Figure 4.4, the vessel 3 is a chartered vessel that is berthed in berthing position 5.

The vessel is represented by a large rectangle placed in the area of berthing position 5 starting from its berthing time with a length equal to its handling time. Small rectangles inside the big rectangle represent the batches to load on the vessel according to a loading sequence chosen by the optimal solution. Each small rectangle starts from the loading start time of the batch with a length equal to its handling time. Vertical bars represent high tide windows. 

Optimization criteria

Efficiency criteria

The LAP defines some major contractual terms that are found in a maritime contract between a shipowner and a charterer for the hire of a vessel (called charter party). Some of these contractual terms are the following: laycan, laydays, laytime, demurrage, and despatch. All these chartering terms are shown in Figure 1.5 and will be used for expressing the objective function and some decision variables in the mathematical model proposed in this paper.

One of the efficiency criteria that could be applied is to find an efficient schedule for berthing chartered vessels that maximizes the sum of the difference between the despatch money and the demurrage charges for each vessel (i.e., minimize the demurrage charges and maximize the despatch money) while proposing optimal laycans for new vessels to charter considering all the characteristics and constraints described above.

Effectiveness criteria

We note that other objective functions based on physical criteria could be considered such as the minimization of the sum of expected vessel departure times or vessel stay times. These sums can be weighted to consider vessels priority. This does not require any change in the model, except in the objective function's formula.

Model formulation

Notation

The sets are represented by calligraphic letters, the parameters by Greek letters or capital Latin 

D v

Draft of vessel v when it is fully loaded.

ω v
Boolean parameter that equals 1 if vessel v is tide-dependent, 0 otherwise.

γ v
Boolean parameter that equals 1 if the handling of vessel v is restricted to working periods, 0 otherwise.

L v

Laydays of vessel v.

J v

Contractual handling time of vessel v. 

δ v Contractual finishing time of vessel v, δ A J 1, v v v v = + -∀ ∈V .

Representation of time

Port operations might be unavailable at some periods for some vessels (e.g. non-working days). If such periods coincide with the berthing period of the related vessel, they must be considered to estimate the ending time of berthing for this vessel. This requires adjusting index t for this vessel in the mathematical model. We use the approach proposed in Chapter 3 to this end. An example of the time framework parameters is shown in Table 4.2, where each time period is one hour long and non-working periods last two hours. A realistic assignment of two day-long non-working periods is provided in the file Time.xlsx.

To consider non-working periods in the calculation of the contractual finishing time of vessel v,

A J 1 v v v δ = + -becomes ( ) A J 1 v v v v v δ Γ + - = ϒ . Indeed, A v v Γ
gives the relative period of the absolute expected arrival time of vessel v considering non-working periods, then ( )

A J 1 v v v v Γ + - ϒ
gives the absolute period of the relative contractual finishing time of vessel v also considering non-working periods. If vessel v is not restricted to working periods, ( )

A J 1 A J 1 v v v v v v Γ + - ϒ = + -, therefore ( ) A J 1 v v v v v δ Γ + - = ϒ
is used in both cases. 

Decision time-interval

To reduce the computational complexity and consider the increasing uncertainty of inputs as the length of planning horizon increases, we follow the approach proposed in Chapter 3, which modulates decision time-interval throughout the planning horizon. So, we define a Boolean parameter K t , that equals 1 if vessels can berth during time period t (without considering other constraints). Thanks to this parameter, we are able to restrict berthing decision periods inside the planning horizon, and hence to change the decision time-interval.

Modulating time interval in this manner helps integrating short-term decisions (BAP)

and medium-term decisions (LAP) in a single model. As time approaches to present, the decisions are taken in a finer granularity (every hour), while for decisions that concern the planning in a few weeks from now a rough decision is taken (every 8 hours) (Figure 3.4).

Besides facilitating integration of LAP and BAP, this approach also helps controlling the number of variables (i.e., the number of variables is lower for medium-term decisions).

Predicates

A predicate is a logical statement that returns either a value of "True" or "False", based on the parameter values used in the statement. We will use these logical statements to describe the validity domain of decision variables. In our model, a decision variable exists only when the ϒ associated set of predicates returns "True". In this section, we present how predicates are implemented in our mathematical model.

t / γ v 0 1 0 1 0 1 1 0 0 1 1 1 1 2 0 0 2 2 2 2 3 0 1 3 3 

The decision variable vpt

x determines for each chartered vessel ( ) 2 v ∈V , the berthing time t and berthing position p. Each already berthed vessel ( )

1
v ∈V has a residual handling time and a predetermined berthing position. For the sake of simplicity, we assume that the berthing time 1 t = for these latter vessels. For each new vessel to charter ( )

The decision variable

3
v ∈V , the berthing position will be reserved from its , depending on the loading sequence chosen by the optimal solution. This assures that, any time during their laydays, new vessels to charter can be berthed at the reserved berthing position, and thus all the batches can be loaded, in any order without downtime, using the reserved conveyors. The existence of the decision variable vpt

x is subject to seven conditions:

1. Vessel v must be able to berth at berthing position p: N 1 vp = .

2. The length of vessel v must not exceed the length of berthing position p: L 1 v = since they have fixed expected arrival times, and hence they are not concerned by the decision of fixing laycans as in the case of new vessels to charter. Hence, the new condition is valid for all the types of vessels. The same applies to the following conditions. This modelling approach allows to merge LAP and BAP decision.

5. Vessel v can berth only during time periods where a decision of berthing vessels can be taken: ( )

L 1 K =1 v t-+ .
6. If the handling of vessel v is restricted to working periods ( )

γ 1 v =
, it can enter the port only during working periods: ( )

L 1 ψ 0 v v t-+ = . 7. If vessel v is tide-dependent (ω 1) v =
, it can leave the port at time period ( )

1 vt vp v t Θ Γ + - = ϒ
if the latter is within a high tide ( )

O 1 t = : ( ) 1 (1-ω )+ω O 1 v vt vp v v Γ +Θ - ϒ ⋅ = .
Similarly, the existence of the decision variable v b vpth y is subject to seven conditions:

1. Conditions 1, 2 and 3 of the existence of the decision variable vpt x :

W N 1 λ Q D vp v p v p =∧ ≤ ∧ ≤ .
2. Batch v b can be loaded on vessel v between the expected arrival time of this vessel and its finishing time as it reaches its maximum waiting time in the harbor, minus the loading time of this batch:

( ) ( ) A I θ A L 1 b v vp vp v v v v v v t + Γ +Θ - ≤ -+ ≤ ϒ .
3. Batch v b can be loaded on vessel v only after its date of availability:

C L 1 v b v v t -+ ≥ .
4. If the handling of vessel v is restricted to working periods ( )

γ 1 v = , batches can start
loading only during working periods: ( )

L 1 ψ 0 v v t-+ = .
5. Batch v b is loaded on vessel v from its storage hangar h:

H v b v h = .
Regarding the preventive maintenance activities, the decision variables To facilitate the readability of the mathematical model, we represent each predicate by a simplified notation given in Table 4.3.

Table 4.3: Notation of predicates

Predicate Notation

W N 1 λ Q D vp v p v p =∧ ≤ ∧ ≤ P vp ( ) ( ) ( ) 1 L 1 L 1 A A K L 1 I =1 ψ 0 (1-ω )+ω O 1 v v v vt vp v v v v v v t v t t Γ +Θ - ϒ -+ -+ ≤ -+ ≤ + ∧ ∧ = ∧ ⋅ = P vpt ( ) ( ) ( ) A I L 1 θ C A L 1 L 1 ψ 0 v b v v vp vp v v v b v v v v v t v t t + -+ Γ +Θ - ≤ -+ ≤ ϒ ∧ -+ ≥ ∧ = P v b vpt H v b v h = P v b vh R R p p m m p p t ≤ ≤ P p m pt R R s s m m s s t ≤ ≤ P s m st
The logical conditions of the existence of the decision variables vpt x , v b vpth y , p m pt z and s m st z are the following ones. For instance, the variable vpt x exists only when the predicates P vp and P vpt are both "True". , ,

{ } { } { } { } 0, 1 , , P , P 0,1 , , , P , P , P 0,1 , , , P 0,1 , , , P v 
p s vpt vp vpt b v v vp vpth m pt p p m st s s x v p t b b v v y v b p t h vpt vh m p z p m t pt m s z s m t st ∈ ∀ ∈ ∀ ∈ ∀ ∈ ∈ ∀ ∈ ∀ ∈ ∀ ∈ ∀ ∈ ∀ ∈ ∈ ∀ ∈ ∀ ∈ ∀ ∈ ∈ ∀ ∈ ∀ ∈ ∀ ∈ V P T V B P T H P M T S M T

Mathematical model

v v b b v v vp vpt vh b b v v v vpth p t h p y v b τ ∈ ∈ ∈ = ⋅ ∀ ∈ ∀ ∈ ∑ ∑ ∑ P T H V B
Similarly, we define for each vessel v the berthing and finishing times v (  )

L 1 θ 1 . v b v vp v t v b vpth v y -+ Γ + - ϒ ⋅
The mathematical model can be formulated as follows:

( )

β η v v v v v Max w u ∈ ⋅ -⋅ ∑ V (1) or v v Min π ∈ ∑ V (1′) P P 1, vp vpt vpt p t x v ∈ ∈ = ∀ ∈ ∑ ∑ P T V (2) 
P P P 1, , v b b v v vp vpt vh b v v vpth p t h y v b ∈ ∈ ∈ = ∀ ∈ ∀ ∈ ∑ ∑ ∑ P T H V B (3) 
P 1, , p m p pt m pt p p t z p m ∈ = ∀ ∈ ∀ ∈ ∑ T P M (4) P 1, , s m s st m st s s t z s m ∈ = ∀ ∈ ∀ ∈ ∑ T S M (5) , , v b v v v v v b µ τ = ∀ ∈ ∀ ∈ V B (6) 
, ,

v b v v v v v b ρ ε ≥ ∀ ∈ ∀ ∈ V B (7) 
, ,

v b v v v v v b σ π ≤ ∀ ∈ ∀ ∈ V B ( 8 
)
+θ 1 P P + θ 1 T P 1, v b b b v v v v v vp vt vp b vh vpt v v vt vp b vpt h b p t t t h y ′ ′   Γ - ′     ′ ′ ′ ∈ ∈ ∈ ∧Γ -≤ ∧ ≤ ≤ϒ ∈ ≤ ∑ ∑ ∑ ∑ B P T H , t v ∀ ∈ ∀ ∈ T V (9) 
+θ 1

P P P + θ 1 T L 1 1, v b b b v v v v v vp vt vp v vh b vpt v v vt vp b vpt h v b p t t t y ′ ′   Γ - ′     ′ ′ ′ ∈ ∈ ∈ ∈ ∧Γ -≤ ∧ -+ ≤ ≤ϒ ≤ ∑ ∑ ∑ ∑ V B P T , t h ∀ ∈ ∀ ∈ T H (10) +θ 1 P 
P + θ 1 T L 1 F 1 P v b b b v v v v v vp vt vp v sh b vh vpt v v vt vp b vpt h v b p t t t h y ′ ′   Γ - ′     ′ ′ ′ ∈ ∈ ∈ ∈ ∧Γ -≤ ∧ -+ ≤ ≤ϒ ∈ = ∧ ≤ ∑ ∑ ∑ ∑ ∑ V B P T H R 1 P U , , s m m s s s s s st m s st m t t t t z t s ′ ′ ′ ∈ ∈ - + ≤ ≤ ∧ - ∀ ∈ ∀ ∈ ∑ ∑ M T T S (11) 
( )

1 E 1 P P 1 T L 1 p p vp vp t vt vp v v vt vp vp t v p t t t x ′ ′ ′ ′ ′ ′ Γ +Θ - ′ ′ ′ ′ ′ ′ ′ ∈ ∈ = ∧ ∈ ∧Γ +Θ -≤ ∧ -+ ≤ ≤ϒ ≤ ∑ ∑ ∑ V P T E 1 R 1 P 1 , , p m m p p p p p p p p t m p t p m t t t t z t p ′ ′ ′ ′ ′ ′ ′ ′ ′ ′ ′ ′ ′ ∈ = ∈ ∈ - + ≤ ≤ ∧ - ∀ ∈ ∀ ∈ ∑ ∑ ∑ P M T T P (12) 2 3 
P P L 1 vp vpt v vpt v p t t t x ′ ′ ′ ′ ∈ ∪ ∈ ∈ ∧ =+ -   +     ∑ ∑ ∑ V V P T
( )

1 P P 0 G, vp vpt vt vp v vt vp vpt v p t t x t ′ Γ -Θ + ′ ′ ′ ∈ ∈ ∈ ∧Γ -Θ ≥ ∧ =ϒ   ≤ ∀ ∈       ∑ ∑ ∑ V P T T (13) δ , v v v u v π ≥ -∀ ∈V (14) δ , v v v w v π ≥ - ∀ ∈V (15) δ , v v v v u w v π -= -∀ ∈V (16) , 0, v v u w v ≥ ∀ ∈V (17)
Objective function ( 1) is based on an efficiency criteria that maximizes the difference between the despatch money and the demurrage charges of each vessel v while objective function (1′) is based on an effectiveness criteria that minimizes the finishing time (departure time) of each vessel v. Equation (2) ensures that each vessel v starts berthing at a unique berthing position p, and in a unique time period t. Equation ( 3) ensures that each batch v b starts loading in a unique vessel v at a unique berthing position p, in a unique time period t, and is stored in a unique hangar h. Equation (4) ensures that maintenance p m to be performed at a berthing position p has a unique start time. Similarly, equation ( 5) ensures that maintenance s m to be performed at a conveyor in section s has a unique start time. Equation 8) ensures that each vessel v can only leave the port when all batches have been loaded. Equation ( 9) ensures that at most one batch can be loaded at the same time on each vessel v. Equation (10) ensures that only one batch at most can leave at a time each storage hangar h. Equation ( 11) limits the number of identical parallel conveyors used simultaneously in a section s during the loading time of each batch due to the limit or/and the maintenance of conveyors. Equation ( 12) avoids the overlapping of vessels in each berthing position p, the simultaneous use of berthing positions that share a space of the quay since the berth layout of each quay is hybrid and the use of berthing positions where maintenance activities are performed (e.g., in Figure 4.1, berthing positions 3 and 5 share berthing position 3, consequently, they cannot be used simultaneously. Moreover, if maintenance is performed at berthing position 3, it will also be formed at berthing position 5. The opposite is also true.).

Equation ( 13) limits the number of incoming and outgoing vessels to pass simultaneously through the navigation channel. Equations (14-17) determine the delay and the advance of each vessel.

Case study

In this section, we describe the test instances of the case study and report the computational results. An example schedule obtained using the model is also given to illustrate a typical output. The formulations are written on Mosel and implemented in Xpress IVE Version 1.24.24, with 64 bits. All the tests are run on a server with an Intel® Xeon® Gold 6138

processor (8 cores) of 2.00 GHz processing speed and 32 GB of memory using the Xpress Optimizer Version 33.01.05 with the default options. • We consider nine storage hangars which are linked to all the berthing positions via a conveyor system (Figure 4.3). The latter is divided into two sections composed of different numbers of identical parallel conveyors. Table 4.5 gives respectively for each section of the port conveyor system the number of identical parallel conveyors, the conveyors that belong to it and the number of maintenance activities with the duration (h), the earliest and latest time (h) to perform each one. • The length of vessels varies between 100 and 300 meters.

• The draft of vessels varies between 5 and 15 meters. Vessels that have a draft over 14 meters are tide-dependent while leaving the port.

• The number of batches to load on each vessel varies between one and three batches.

• The tonnage of batches varies between 2,000 and 36,000 tones.

• 10% of vessels have a SSHEX clause.

• The laydays are set arbitrarily at 48 hours for new vessels to charter, while already berthed and chartered vessels have fictitious laydays equal to one hour.

• For chartered vessels, the contractual demurrage is chosen randomly from a Uniform distribution between 50 and 150. The contractual dispatch is assumed half the demurrage. For new vessels to charter, we assume negligible demurrage and dispatch per hour. Note that these are fictitious values and are only used in order not to impact the economic results of already chartered vessels. Finally, for already berthed vessels, hourly demurrage and dispatch rates are assumed zero since no decisions need to be made for this group of vessels; they are already berthed.

• The maximum waiting time in the harbor is set arbitrarily at 72 hours for all the chartered vessels and one week for all the new vessels to charter. The latter have high 
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maximum waiting times in the harbor in order not to affect the economic results of chartered vessels.

Thanks to these conventions, all the vessels are dealt with together since there is no need to define specific constraints for each type of vessels (already berthed vessels, chartered vessels, and new vessels to charter). All instances are accessible in the file Instances.xlsx.

Illustrative example

In this section, we present a typical schedule that the port manager can obtain by using the proposed model. We consider the same characteristics of time periods, berthing positions, conveyor sections and vessels presented in the previous section. Table 4.6 gives the characteristics of six chartered vessels and one new vessel to charter. • All vessels are berthed at restricted time periods for which a decision can be made and do not occupy berthing positions where a maintenance is performed.

• The batches of each vessel are loaded in any order without downtime after their date of availability and only one batch at most leaves at a time each storage hangar.

• Vessels 2 and 3 have high drafts and thereby are tide-dependent, so they occupy berthing sections with high water depth and leave the port during high tides.
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• The handling of vessel 3 stops during non-working hours because it has a SSHEX clause.

• The handling time of vessel 2 is shorter than its contractual handling time since it occupies a berthing position with high productive loading equipment.

• The number of vessels passing through the navigation channel and used parallel conveyors per section do not exceed their limits. The number of allowed parallel conveyors per section can decrease due to maintenance.

• The optimal laycan proposed for the new vessel to charter 7 is [276,323]. This vessel can berth at any time period during its laydays. We note that, a precise berthing time will be assigned to this vessel as its status changes from new vessel to chartered one and as the time progresses from week two towards week one.

Thanks to the integration of the LAP and the BAP, the port managers can propose laycans for the new vessels to charter considering the allocation of berthing positions to already chartered vessels and conveyors to batches, thereby avoiding the payment of demurrage charges, and knowing when to accept or refuse a new vessel to charter. 

Computational results

In this section, we explore the computational performance of the proposed model. One of the objectives is to verify if the proposed model can be solved in a reasonable time using commercial software. The other objective is to test the sensitivity of the results with respect to the different input parameters in the model, For each instance, Table 4.7 shows the number of already berthed and chartered vessels and the new ones to charter, the level of congestion, the computation time in seconds, and the optimality gap in percentages. The computation time was limited to 1 hour. The empty fields indicate that no feasible solutions were found within the time limit, and thus, it was not possible to calculate the statistics. Xpress calculates the gap as follows:

100 ( ) / ub lb ub ⋅ -
, where ub is the best upper bound obtained within the time limit, and lb is the value of the objective function corresponding to the best integer solution achieved. The detailed results of each instance are shown in the file Results.xlsx. We can make several observations based on these results:

First, for a fixed number of vessels, increasing the level of congestion increases the average computation time. Similarly, for a fixed level of congestion, increasing the number of vessels increases the average computation time. Hence, we can conclude that the computation time is very related to the busyness of the port. 
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Second, we are able to solve to optimality instances of realistic size, up to 60 vessels, 10 berthing positions, and 9 storage hangars for a 4-week planning horizon in computation times not exceeding one hour. For only one instance, Xpress could not find an optimal solution due to the time limit. We note that the maximum number of vessels that were berthed in the port of Jorf Lasfar during a period of 4 weeks in the first half of 2016 is 30 vessels.

Hence, we can conclude that the integer linear programming model proposed for the LBAP can easily be used in bulk ports where such decisions need to be made frequently, with only commercial software. Thus, developing a heuristic for the problem is not necessary.

Conclusions

In this paper, we integrate the Laycan Allocation Problem and the dynamic hybrid Berth Allocation Problem in the context of tidal bulk ports with multiple quays and a conveyor system between storage hangars and berthing positions. While laycans concern only vessels for export, a symmetric approach can be applied for berthing decisions in the context of import ports. Our research is motivated by the bulk port of Jorf Lasfar, but it is also valid for any other bulk port. A new integer linear programming model is proposed to solve this integrated problem. The latter integrates two problems with different decision levels (tactical and operational) thanks to the modulation of the time-interval between decisions and the introduction of fictitious laydays for already berthed and chartered vessels.

Several characteristics are addressed in the definition of the LBAP to make it closer to reality, such as the multiplicity of quays, navigation channel restrictions, conveyor routing constraints with preventive maintenance activities, the variation of water depth, vessel tidedependency, the productivity of bulk-handling cranes, the multiplicity of cargo types on the same vessel, charter party clauses and non-working periods. Instead of expressing these characteristics by a set of constraints in the model, we used predicates to formulate them. This approach is quite handy since predicates are easy to modify in the model. Furthermore, they reduce the number of variables and constraints in the model and improve the computational performance. Moreover, the port conveyor system is modeled in a new way that does not list each route of conveyors between storage hangars and berthing positions, which makes easier the formulation of the problem.

Computational tests of a case study are performed using a commercial solver. The results show that our model is able to solve problem instances of realistic size, up to 60 vessels, 10 berthing positions, and 9 storage hangars for a 4-week planning horizon, in a reasonable computation time.

In this study, we assumed that the cargo to load on vessels is always available in the hangars. In practice, this depends on the upstream supply chain. An extension to this study could be to integrate storage locations decisions and inventory management at the hangars.

Introduction

A phosphate supply chain (SC) consists of numerous processes, from the extraction of phosphate ores up to the expedition of final products, such as phosphoric acid and fertilizers.

In this paper, we integrate three sequential processes at the downstream of a phosphate SC, namely, the production of fertilizers, their storage, and their loading on vessels at the port.

The upstream SC (from extraction to production of phosphoric acid) is decoupled from this downstream section by stocks of phosphoric acid and will not be considered in this paper. This research is motivated by the operations of OCP Group, a global leader in the phosphate market and its derivatives, at the Jorf Lasfar chemical platform in Morocco, the largest fertilizer complex in the world11 . In 2019, Morocco ranked fifth worldwide in phosphate fertilizer production (share of 5.8%12 ) after China, the United States, India, and Russia and second worldwide in phosphate fertilizer exports (share of 15.9% 2 ) after China; so, around the world, one can find several fertilizer SCs similar to the one of the Jorf Lasfar chemical platform. Consequently, the integrated planning approach that we propose in this paper can be applied to any phosphate fertilizer producer that ship fertilizers using maritime transport.

OCP's SC is vertically integrated from extracting phosphate ores in several mines and importing raw materials (sulfur and ammonia) to chemical processing and shipment of phosphoric acid and fertilizers. The fertilizer plant under study produces about thirty references of fertilizers to be distributed in the international market. The demand is seasonal, whereas production capacity is fixed. OCP's production planning process starts by programing the make-to-order production (MTO), considering existing stocks, to ensure the loading of fertilizers in vessels expected to arrive in a few weeks. In the case of residual production capacity, a make-to-stock production (MTS) of highly demanded fertilizers or subsequent deliveries may be added to the production program. We note that, in a lean perspective, this MTS is only justified if the fertilizer plant is expected to be soon under capacity (peak demand), or to anticipate a decrease in production in the case of heavy maintenance that may lead to a momentary capacity decrease.

The decisions to make concern the scheduling of production orders and vessel berthing, and the allocation of storage spaces. The problem hence involves three successive echelons in the SC dedicated to the production of fertilizers, their storage, and their removal for shipment by vessels. Two approaches are possible for solving the problem in an integrated generate more detailed input data for the top-level one, and then both problems are solved sequentially. In this paper, we consider a functional integration by a feedback loop implemented in a DSS logic, where the production and berth scheduling problems are the toplevel problems and the SSAP is the base-level problem.

The Storage Space Allocation Problem (SSAP), also called the Storage Location Assignment Problem, is an operational decision that concerns the optimal allocation of goods into a storage space (product volume maximization, operational costs minimization, etc.). It determines where and when incoming goods will be stored in a way that achieves optimal space utilization. In this paper, we also determine from where the required goods will be removed to be shipped. The start-dates of storage and removal are constraints given respectively by the optimal solutions of the production and berth scheduling models.

Moreover, we consider a wide variety of bulk goods, making the SSAP more complex since bulk goods require specific handling equipment.

The rest of this paper is organized as follows. In Section 5.2, we review the previous studies on the SSAP in the context of bulk ports. In Section 5.3, we describe the problem and the proposed DSS with the specific assumptions of our approach. In Section 5.4, we present a new MILP model for the SSAP. In Section 5.5, we present the results of a case study and outline the managerial implications of the proposed integrated planning approach. Finally, in Section 5.6, we draw some conclusions and indicate future research.

Literature review

Warehouse management systems are critical to all SCs since they are the link between production and delivery. The SSAP depends on several parameters, such as the design and the capacity of the warehouse system and the diversity of goods to be stored. When the latter increases, the problem becomes increasingly complex. The SSAP has a wide literature. We do not have the ambition to provide an exhaustive literature review in this section. The interested reader can refer to the following papers: [START_REF] Berg | Models for warehouse management: Classification and examples[END_REF] We can conclude from the above state-of-the-art that the constraints considered in decision support models for warehouse operations differ from one paper to another since each warehouse system has its own management rules, which requires specific constraints. We clearly see that our work is the only one integrating three SC echelons considering both feeding and removing operations under conveyor routing constraints and a wide diversity of goods.

In the context of container terminals, the SSAP is better known as the Yard Assignment Problem (YAP), which assigns yard storage locations to each container ship with the aim of minimizing transport distances of moving containers between berths and yard storage locations. For papers integrating the BAP with the YAP, we refer the reader to [START_REF] Zhen | An Integrated Model for Berth Template and Yard Template Planning in Transshipment Hubs[END_REF][START_REF] Chen | The storage location assignment problem for outbound containers in a maritime terminal[END_REF], [START_REF] Li | Joint planning for yard storage space and home berths in container terminals[END_REF], [START_REF] Hendriks | Simultaneous berth allocation and yard planning at tactical level[END_REF], Zhen (2014), Tao and[START_REF] Tao | Joint planning of berth and yard allocation in transshipment terminals using multi-cluster stacking strategy[END_REF], [START_REF] Liu | Iterative heuristic for simultaneous allocations of berths, quay cranes, and yards under practical situations[END_REF], Guo et al. (2021), [START_REF] Karakas | Yard block assignment, internal truck operations, and berth allocation in container terminals: Introducing carbon-footprint minimisation objectives[END_REF] and [START_REF] Prayogo | Bi-objective optimization model for integrated planning in container terminal operations[END_REF].

Problem and DSS description

The Jorf Lasfar chemical platform includes OCP and ODIs (Owner Direct Investments). The latter are independent and autonomous units created by OCP to keep up with increasing demand for fertilizers on the international market and to attract investors through possible capital interests coupled with commercial contracts. The OCP fertilizer plant contains two groups of parallel heterogenous fertilizer production lines, each one linked to a unique group of hangars. Each hangar is divided into separated subareas that we call stock units (SU). Only one reference of fertilizers can be stored in a SU; however, different references can be stored in the same hangar provided that the safety distance between SUs is respected to prevent the contamination between fertilizers of different references. Each hangar is equipped with one stacker used to store the fertilizers coming from the production lines and one reclaimer used to reclaim the stored fertilizers toward berthed vessels after a minimum resting time. We note that stacking and reclaiming operations can occur simultaneously in the same hangar if the concerned fertilizers are stored in different SUs. Furthermore, the stacking operations take longer than reclaiming ones due to the relative feeding rates of incoming and outgoing flows to a hangar: production line productivity is less than 10% of the ship loader productivity. Figure 5.1 illustrates the conveyor system between production lines, hangars, and berthing positions. In this paper, we propose a DSS that aligns production, storage, and port operation decisions for the OCP fertilizer platform described above. We note that similar configurations can be found in other phosphate fertilizer producers that ship fertilizers using maritime transport. This DSS encapsulates a production scheduling model (Production model), a berth scheduling model (Port model) and a new integer linear programming model for allocating storage spaces (Hangar model). We note that the Production model does not specify the exact hangars of production orders, whereas the Port model requires the exact hangars of expedition orders. These two scheduling models are independent; therefore, the proposed DSS seeks to make compatible their optimal solutions by proposing a Storage Plan without adversely affecting the efficiency and the effectiveness of both models. The proposed approach is to be used in a rolling horizon planning. The three models encapsulated in this DSS are described below.

Description of the encapsulated models

Production model

The optimization model proposed in [START_REF] Azzamouri | DSS approach for heterogeneous parallel machines scheduling considering proximate supply chain constraints[END_REF] provides the optimal scheduling of an order book in the Jorf Lasfar fertilizer plants (OCP and ODIs); its DSS functioning is described in [START_REF] Azzamouri | Interactive Scheduling Decision Support System a Case Study for Fertilizer Production on Supply Chain[END_REF] and its economic foundation is presented in [START_REF] Bara | An economic evaluation of operational decisionsan application in scheduling evaluation in fertilizer plants[END_REF]. The OCP Jorf Lasfar fertilizer plant is composed of two groups of parallel heterogeneous production lines, ensuring the production of fertilizers within predetermined delivery time windows. The OCP fertilizer plant covers a wide fertilizer diversity with costly setups during changeovers between two different references of fertilizers to produce. For each production order, the model determines its start and end-dates of production on an assigned production line. The production start-dates of production orders constitute the list of production events to be used in the Hangar model. The Production model considers the constraints related to the quantities of production orders, their delivery time windows, the heterogeneity of production lines (one group is more performant than the other), the fact that production lines are partially specialized (certain fertilizer references cannot be produced in certain production lines), the predefined maintenance program (the possibility to interrupt production for maintenance operations).

In this paper, we adapt the Production model to consider the maximum number of fertilizer references produced simultaneously in a group of production lines (see Appendix A). This adaptation is motivated by the fact that the first group of production lines is composed of four lines linked to a group of hangars composed of only three hangars. Since fertilizers with different references cannot be sent simultaneously to the same hangar, the maximum number of fertilizer references produced simultaneously in the first group of production lines must be limited to three.

Port model

The optimization model proposed in Chapter 4 deals with the integrated Laycan and Berth Allocation Problem in the context of bulk ports for a 4-week planning horizon. The decisions taken concern the assignment of berthing times and positions to chartered vessels during the first three weeks and berthing time windows (laycans) and positions to new vessels to charter during the last two weeks (there can be overlap between chartered vessels and new vessels to charter during the third week). This assignment respects several port and vessels constraints, such as conveyor routing constraints between berthing positions and hangars, preventive maintenance activities, navigation channel restrictions related to tides, the multiplicity of quays and of fertilizer references to load on the same vessel, the availability of fertilizers, the variation of water depth, the productivity of ship loaders, non-working days, and charter party clauses. The economic objective function of the integrated problem is to maximize the difference between the despatch money and the demurrage charges of vessels. The Port model is tested on a real case study in the bulk port of Jorf Lasfar. It can solve instances optimally up to 60 vessels, 10 berthing positions, and 9 storage hangars with a commercial software.

Each fertilizer reference to load on a vessel is divided into one batch or more, and each one is characterized by a weight and an availability date. The batches are either stored in the same hangar or different hangars without specifying their exact SUs. The model requires only the hangar of each batch to consider conveyor routing constraints that say that one stored batch at most can leave at a time a hangar and a limited number of stored batches can be removed simultaneously from each group of hangars. For example, in Figure 5.1, only two stored batches can be removed simultaneously from group 1 of hangars, which comprises three hangars. Since the exact allocation of SUs and then hangars will be determined by the Hangar model, the berth scheduling model is relaxed to consider only the conveyor routing constraint related to groups of hangars. The other constraint that forbids the simultaneous expedition of batches from a hangar is added to the Hangar model described below.

The outputs of the Port model are as follows: berthing times of chartered vessels, berthing time windows of new vessels to charter, berthing positions of all vessels, and loading start times of batches. The latter constitute the list of loading events to be used in the Hangar model.

Hangar model

The perimeter of this model starts from the exit of production lines and ends with the beginning of vessel berthing positions passing through hangars. It aims to determine where produced batches will be stored and from where the required batches are removed to be loaded in vessels.

Each expedition date of a batch from a production line to a hangar or from a hangar to a vessel is considered as an event. These events are merged into one list and ranked in ascending order according to their expedition dates. Produced batches can be sent to empty SUs or SUs that contain the same fertilizer reference, provided that these SUs belong to hangars linked to the production lines of batches. On the other hand, required batches can be removed from any SU that contains the same fertilizer reference. Once the used capacity of a SU becomes less than a defined minimum threshold, this SU is cleaned to receive a new fertilizer reference avoiding contamination with the previously stored reference.

The Hangar model considers all the conveyor routing constraints between production lines, hangars, and berthing positions. Since there is only one stacker and one reclaimer per hangar, one produced batch at most can be sent at a time to a hangar and one stored batch at most can leave at a time a hangar. In addition, a limited number of stored batches can be removed simultaneously from each group of hangars due to the limited number of conveyors linked to each group. Moreover, a SU cannot receive and send a batch simultaneously to ensure that the batch is completely removed from the SU before receiving a new one. To this end, we define three Boolean matrices that determine overlaps in the transfer of batches between each SC echelon. Overlap between two batches occurs if the transfer of a batch starts before ending the transfer of the other batch. This representation of time made of events and overlap matrices inherited from production and berth scheduling decisions makes the originality of the Hangar model.

Description of the DSS functioning

In this section, we explain the functioning of the presented DSS. First, we introduce its general environment; then, we present the different steps involved in its functioning. The success of this DSS relies on the processing of each model input data and the connection between the encapsulated models.

The capacity of the Jorf Lasfar fertilizer plant is fixed. Due to seasonal demand fluctuations, aligning production with demand becomes difficult when only MTO is considered. OCP's SC relies on rolling planning horizon and may combine MTO with MTS, in case of residual production capacity. We consider a 4-week planning horizon. OCP's production planning process defines a set of firm orders to be shipped during the first week and a set of forecasted orders to be shipped in expected dates during the last three weeks. The DSS is then based on a frozen horizon of one week. It is utilized in a rolling horizon way in which the three encapsulated models are run each week periodically. The objective of this DSS is to coordinate the three sequential echelons of OCP's SC (production, storage, and vessel loading) to satisfy the demand achieving the best possible economic results.

Batches of produced fertilizers are conveyed to SUs of identical capacity (9 000t) belonging to a set of hangars. Each SU can contain only one reference. The capacity of 9 000t corresponds to approximately three or four days of continuous production in a single production line according to its productivity and about three hours of vessel loading according to conveyor and ship loader productivities. The firm and forecasted demands constitute expedition orders (EOs) to be delivered by vessels on defined and forecasted dates, respectively. The weight of an EO is generally higher than the capacity of a SU. Therefore, to carry out production, we switch from EOs to elementary expedition orders (EEOs), each one with a maximum weight equal to a SU capacity (e.g., an EO of 22.000t is divided into three EEOS of 9 000t, 9 000t, and 4 000t respectively).

In what follows, we present the list of steps involved in the DSS functioning, summarized in Figure 5.2.

1. The first step is to build an order book for MTO that will be used as an input to the Production model. Each SU belongs to a group of hangars and is characterized, when occupied, by a fertilizer reference and a weight. In addition, it is also characterized, when fed by MTO, by the EEO that will pick up from it. When the DSS is launched, several SUs are already occupied (previously filled or feeding in progress). In the context of MTO, the definition of production orders (POs) satisfying EEOs must consider initial stocks and ongoing production to ensure production is consistent with demand. In the frozen horizon, EOs are assumed already available in SUs; consequently, their corresponding EEOs, already stored in SUs, are not considered in the production order book. At the end of the first week, some SUs may contain fertilizers previously produced by anticipated MTO or by MTS (and thus without an attached EEO), which are then required by new berthed vessels. Each remaining EEO, not satisfied with the available stocks, will pick up from a PO whose delivery dates (production end-dates) and weight are specified as follows:

-The latest delivery date of all POs associated with EEOs of a given EO is equal to the expected arrival time (due date) of the vessel issuing that EO minus a 3-day cooling time.

-The earliest delivery dates are defined in a way that allows a sequential production of POs on the same production line. POs are arbitrarily ranked for production convenience, since all POs associated with EEOs of a given EO are produced before the expected arrival time of the vessel issuing that EO. The earliest delivery date of the first PO is equal to the latest delivery date minus one day to relax the Production model and thus ensuring a feasible solution, while the earliest delivery date of POi is equal to the earliest delivery date of POi+1 minus its production time (calculated using the lowest available production rate), where i is the index of POs associated with EEOs of a given EO.
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-The weights of the POs corresponding to the first EEOs of a given EO are defined such that incompletely filled SUs containing the requested fertilizer reach its maximum capacity; the following POs will have a weight equal to SUs capacity, except the last one that may have a weight less than SU capacity.

2. The second step is to execute the Production model considering the weight and delivery time windows of POs determined in step 1, and the fertilizer reference to produce. The Production model will generate the optimal Production Plan that gives each PO its assigned production line and its production start and end-dates (production start-dates of POs constitute the first list of events to be used in step 4); it also yields a Boolean square matrix crossing all POs where 1 indicates an overlap in their production time. Since each group of hangars is linked to a unique group of production lines, the group of hangars of each PO is determined.

3. The third step is to execute the Port model considering the input data of vessels, namely the expected arrival time, the length, and the draft of vessels, and the input data of EEOs: their weights, the groups of hangars that contain their corresponding POs (determined in step 2), and the effective dates of availability of these POs by adding the cooling time to their end-dates of production (also determined in step 2).

The Port model will generate the optimal Berthing Plan that determines the berthing date and position of each vessel and the loading start and end-dates of each EEO. The loading start-dates of EEOs constitute the second list of events to be merged with the one created in step 2 and then ranked in ascending order to be used in step 4. The Port model also yields a Boolean square matrix crossing all EEOs where 1 indicates an overlap in their loading time. Then both the Production and Port models yield a Boolean matrix crossing all POs and EEOs where 1 indicates an overlap in their production and loading times.

4. The fourth step is to execute the Hangar model considering as inputs the resulting outputs of both the Production model (i.e., the production start date and production line of each PO) and the Port model (i.e., the loading start date of each EEO and the group of hangars from where it will be removed) and the three Boolean matrices. The Hangar model will generate a feasible Storage Plan aligned with optimal production and vessel loading programs. The Storage Plan defines the SU where each PO will be stored and the SU from where each EEO will be removed. When the Hangar model does not find a feasible solution, it will be relaxed by removing the most binding conveyor routing constraint that says that two POs or more cannot be sent at a time to a hangar, unless they have the same fertilizer reference. Consequently, we can detect the POs leading up to the conflict. The relocation of these conflicting POs to another group of production lines can be done easily using the interactive production scheduling Gantt chart presented in [START_REF] Azzamouri | DSS approach for heterogeneous parallel machines scheduling considering proximate supply chain constraints[END_REF] while respecting technical and time constraints of the Production model. Then, the DSS is rerun starting from step 4. That being said, the adopted approach considerably limits the risk of having this loopback, since POs are defined in a way that limits the dispersion of stocks (i.e., POs are stored in priority in the SU that already stores the same reference as the PO, provided that the SU has sufficient remaining capacity).

5. The fifth and final step is to include MTS in the order book in case of overcapacity. It concerns highly demanded fertilizers or fertilizers that are expected to be soon requested by the OCP sales department. The weight of all MTS orders is set at 9 000t.

These orders are included in the interactive production scheduling Gantt chart according to free time slots while considering the Production model constraints and the availability of SUs. 

Hangars and production lines

G h

Group of hangars including hangar h.

N h′

Maximum number of batches that can leave simultaneously group of hangars .

h′ P hh′

Boolean parameter that equals 1 if one of the conveyors used to transport a batch from hangar h to a berthing position is linked to group of hangars h′ .

g l Group of production lines including production line l.

C l h ′ ′

Boolean parameter that equals 1 if group of production lines l′ is linked to group of hangars h′ .

Production lines → Hangars d j Index of the event in which batch j starts coming from a production line to a hangar. l j Production line of batch j.

f j Fertilizer reference of batch j.

q j Weight of batch j.

b jj′ Boolean parameter that equals 1 if there is an overlap in the transfer of batches j and . j′ When j j′ = , b 0 jj′ = .

Hangars → Vessels D i Index of the event in which batch i starts coming from a hangar to a vessel. 

B ii′

Boolean parameter that equals 1 if there is an overlap in the transfer of batches i and .

i′

When i i′ = , B 0 ii′ = .
Production lines → Hangars → Vessels β ij Boolean parameter that equals 1 if there is an overlap in the transfer of batches i and j. 

Mathematical model

The SSAP mathematical model can be formulated as follows:

Objective function (1) minimizes the number of used SUs during the planning horizon to maintain a high availability of empty SUs, which is justified for a model used periodically in a rolling planning approach or in case of unexpected events. Equations (4-6) ensure that each produced batch can be sent to a SU if it contains the same fertilizer reference or if it is empty. 

G l C 1 1, h h h h j s jh h s y j ∈ = ∈ = ∀ ∈ ∑ ∑ H S J (2) l ,d 1 g G ,d 1 f , , C 1, f h h h j h j h h h j s s s j jh jh h h h s s s j jh jh h v z y j h s v y z - - ′ ≥ -⋅ ∀ ∈ ∀ ∈ = ∀ ∈ ′ ≥ ⋅ - J H S (3) l g G F (1 ) , , C 1, 1 h h h j h h s s jh jh h h s s jh jh v v j h s v v ′ ≤ ⋅ - ∀ ∈ ∀ ∈ = ∀ ∈ ′ ≥ - J H S (4) l ,d 1 g G ,d 1 F (1 ) , , C 1, 1 h h j h j h h j s s jh h h h s s jh h z w j h s z w - - ≤ ⋅ - ∀ ∈ ∀ ∈ = ∀ ∈ ≥ - J H S (5) l g G , , C 1, h h h h j s s s h h jh jh jh y v w j h s ≤ + ∀ ∈ ∀ ∈ = ∀ ∈ J H S (6) 
Hangars  Vessels Equation ( 7) ensures that a stored batch i leaves from a unique SU h s belonging to hangar h, provided that the group of hangars G h including hangar h is the same as the group of hangars i h′ where batch i is stored and thus if G h i h′ = . Equations ( 8) calculate the absolute value of the difference between the fertilizer reference of each stored batch and the reference of the fertilizer already stored in each SU. Equations (9-10) ensure that each stored batch can leave a SU if it contains the same fertilizer reference asked by the destined vessel. 

G 1, h h i h h s ih h h s x i ′ ∈ = ∈ = ∀ ∈ ∑ ∑ H S I (7) ,D 1 ,D 1 F , , G , F h h h i h h h i s s s i ih ih h h i h h s s s i ih ih h u z x i h h s u x z - - ′ ≥ -⋅ ′ ∀ ∈ ∀ ∈ = ∀ ∈ ′ ≥ ⋅ - I H S (8) F (1 ) , , G , 1 h h h h s s ih ih h i h h s s ih ih u u i h h s u u ′ ≤ ⋅ - ′ ∀ ∈ ∀ ∈ = ∀ ∈ ′ ≥ - I H S (9) , , G , h h s s h i h h ih ih x u i h h s ′ ≤ ∀ ∈ ∀ ∈ = ∀ ∈ I H S ( 
= ′ = - ⋅ ∀ ∈ = ∀ ∈ ∀ ∈ > ∑ I H S E (11) min max min -K K (1 ) , , , 0 -K 1 h h h h s s he he h h s s he he h s e e π δ π δ ≤ ⋅ - ∀ ∈ ∀ ∈ ∀ ∈ > ≥ - H S E (12) ( ) , 1 G d Q (1 ) h h h h h i i s s s s i he h e ih he i h e r r x δ - ′ ∈ = ∧ = = - ⋅ ⋅ - + ∑ I g G l C 1 d q , , , 0 h j h j s j h h jh j e y h s e e ∈ = ∧ = ⋅ ∀ ∈ ∀ ∈ ∀ ∈ > ∑ J H S E (13) max 0 , , , K h h s he h h s he r h s e r ≥ ∀ ∈ ∀ ∈ ∀ ∈ ≤ H S E (14) 
g G l , 1 C 1 D F h h h h j h j s s s s j he h e jh jh j e z z y w - ∈ = ∧ = = + ⋅ ⋅ - ∑ J G d f , , , 0 h h h i i s s i h h ih he i h e x h s e e δ ′ ∈ = ∧ = ⋅ ⋅ ∀ ∈ ∀ ∈ ∀ ∈ > ∑ I H S E (15) F , , , h h s s h h h he z h s e ω ⋅ ≥ ∀ ∈ ∀ ∈ ∀ ∈ H S E (16) 
Equations ( 13) and ( 15) are non-linear, and their linearization is obtained as follows:

• Let u, v and w be three binary variables. Then we have: 

1 2 w u v w uv u v w ≥ + -   = ⇒  + ≤   . Since

Conveyor routing constraints

Equation ( 17) ensures that a SU cannot receive and send a batch simultaneously (β 1 ij = in case of overlap in the transfer of batches i and j). Equation ( 18) ensures that batch j cannot be sent simultaneously with batch j′ to the same hangar ( b 1 jj′ = in case of overlap in the transfer of batches j and j′ , with b 0 jj′ = when j j′ = ), unless these batches have the same fertilizer reference (f f )

j j′ = ; note that batch j is sent to hangar h if 1 h h h s jh s y ∈ = ∑ S .
Similarly, equation ( 19) ensures that batch i cannot leave simultaneously with batch i′ the same hangar ( B 1 ii′ = in case of overlap in the transfer of batches i and i′ , with B 0 ii′ = when i i′ = ), unless these batches have the same fertilizer reference ( )

F F i i′ = ; note that batch i leaves hangar h if 1 h h h s ih s x ∈ = ∑ S
. Equation ( 20) limits the number of batches that can leave simultaneously a group of hangars; note that P 1 hh′ = if one of the conveyors used to transport a batch from hangar h to a berthing position is linked to group of hangars h′ .

l g G 1, , , C 1, G β 1 h h h j s s h h h i ij ih jh x y h s j i h′ + ≤ ∀ ∈ ∀ ∈ ∀ ∈ = ∀ ∈ = ∧ = H S J I (17) l g G 1, , C 1, h h h j h h s s jh j h s y y h j ′ ∈ + ≤ ∀ ∈ ∀ ∈ = ∑ S H, J l g G b 1 f f C 1 h j jj j j j j j ′ ′ ′ ′ ′ ∀ ∈ > ∧ = ∧ ≠ ∧ = J (18) 1, , G , B 1 F F G h h h h s s h i ii i i h i ih i h s x x h i h i i i h ′ ′ ′ ′ ∈ ′ ′ ′ ′ + ≤ ∀ ∈ ∀ ∈ = ∀ ∈ > ∧ = ∧ ≠ ∧ = ∑ S H, I I (19) 
( ) The production start-dates of POs constitute the list of production events 14 . Figure 5.4 gives the optimal production scheduling Gantt chart. 14 The matrix of overlaps between production times is also generated from the production start and end-dates of POs to be used in the Hangar model. Table 5.8 gives the input data of vessels (on the left) and the optimal Berthing Plan generated by the Port model (on the right) in a computation time of 2.4s, while Table 5.9 gives the input data of EEOs and the optimal Loading Plan also generated by the Port model. The loading start-dates of EEOs constitute the list of loading events 15 . 15 The matrix of overlaps between loading times is also generated from the loading start and end-dates of EEOs to be used in the Hangar model. The lists of production and loading events are merged in one list and ranked in ascending order. Finally, MTS can be included in the order book, if needed, considering the free time slots detected in the production scheduling Gantt chart (Figure 5.4) and the availability of SUs. We note that Production and Hangar models can easily be used either separately for OCP and ODIs (as done in this case study) or jointly; in the latter case, account must be taken of the transfer prices involved when an order received by OCP is produced by an ODI (or vice versa).

P 1 G G N , h h hh h i h i h h s s h ih i h h h h s x x ′ ′ ′ ′ ′ ′ ∈ = ∧ =∧ = ∈ + ≤ ∑ ∑ H S , , B 1 F F ii i i h i i i i ′ ′ ′ ′ ′ ′ ∀ ∈ ∀ ∈ ∀ ∈ > ∧ = ∧ ≠ H I I (20) 

Managerial insights

We can draw several managerial insights from this study:

-Currently, OCP Group possesses several powerful optimization tools to plan operations at separate functional units, namely the optimization models for port operations and fertilizer production, regardless of storage and conveyor routing constraints, thus involving costly adjustments. Despite their efficiency and effectiveness for the perimeter that they model individually, these are stand-alone decision tools. Hence the decisions taken are not aligned along the SC. The proposed approach provides the alignment from production until expedition of fertilizers at the port. This integrated solution is effective, as it respects all constraints, and efficient, as it consolidates the economic optima of port management and production management through a rational storage policy that seeks to avoid waste.

-The proposed approach provides a lean operations scheduling all along the fertilizer SC, pulled by downstream operations. The demands of expected vessels are satisfied in priority according to their berthing schedule in the port. In case of remaining production capacity, DSS also permits producing to stock, compatible with the management of hangars, to anticipate peaks in demand that cannot be satisfied in a just-in-time manner due to limited production capacity. In such a context of fully pulled management, tactical planning may be useless.

-The fertilizer order book is defined based on the early arrival of the vessels. Hence the optimal production program respects these availability constraints so that the required fertilizers are available at the hangars as early as needed. This leads to an extension of the stay time of fertilizers in the hangars, resulting in additional storage costs.

However, this strategy is advantageous from a risk management point of view. Indeed, port operations are subject to many uncertainties on the seaside (e.g., weather conditions). Having the merchandise ready as early as needed helps to avoid additional uncertainties from the yard-side and unnecessary delays for loading operations (and ultimately delay for the final customer). This is also very costly. Here, the priority is given to loading the vessels as early as possible.

-The storage function is necessary due to technical reasons: First, the difference between the feeding and the removal rates, and second, the need for a minimum cooling time of fertilizers after production. The choice of the fertilizer reference to produce is an important decision (if a make-to-stock strategy is used). If the turnover of the chosen references is low, this leads to obsolete products, unjustified use of storage, and further the potential unavailability of storage space for references on demand. We note that the lean approach leads to the shortest possible stay in stock of fertilizers produced to order or to stock to anticipate demand peaks, which frees the storage space in hangars as much as possible.

-On a strategical level, increasing the storage capacity does not necessarily require building new hangars. The following strategies (not mutually exclusive) can increase the capacity usage: i) Reducing the size of SUs (e.g., from 9 000t to 4 500t) leads to a reduction in the neutralization time of these SUs, and also a better usage of the storage space since this strategy does not incur any additional costs on the field. It might, however, impact the DSS process time, since the number of variables in the hangar model increases; ii) doubling the feeding machines (stackers) would make it possible to supply a hangar with two different fertilizers simultaneously. This will incur additional costs but is still less than the investment required on a new hangar.

Moreover, this lean management implies a high involvement of the top management to convince the production managers not to produce more in case of occasional overcapacity.

-We recommend the managers run the DSS every week, on a rolling horizon, to generate the next week's planning. Nevertheless, the DSS can be used more often to allow good reactivity in the event of a hazard or incident since the computation times of the models encapsulated in the DSS are short.

Conclusions

This work proposes a Decision Support System (DSS) to integrate effectively and efficiently decisions related to scheduling production orders and vessel berthing, and allocating storage spaces in case of bulk products, which can be found in several supply chains. In a context of mainly make-to-order production, the proposed DSS helps to design the lean management of a pull system at the end of a phosphoric supply chain by encapsulating and monitoring three models: a production scheduling model, a berth scheduling model, and a new integer linear programming model for the Storage Space Allocation Problem. The aim of the latter is to find a feasible Storage Plan compatible with the optimal solutions of production and berth scheduling decisions considering conveyor routing constraints between production lines, storage hangars and berthing positions, and a wide diversity of bulk goods making the studied problem more complex. In addition, it presents two technical originalities: i) its representation of time made of events and overlap matrices inherited from production and berth scheduling decisions; ii) its ability, with binary decision variables, to dynamically manage stocks which contain only one reference at a time that can change over time.

Our research is motivated by the operations of OCP Group at the Jorf Lasfar chemical platform in Morocco, but it is also valid for any other phosphate fertilizer producer that ship fertilizers using maritime transport. This work is a proof of concept and a preliminary step to demonstrate the interest of a DSS to assist managers in making their decisions effectively and efficiently, as shown in the managerial insights section. It is also to be noted that computation times are short enough to design a successful DSS, usable as often as needed.

In the managerial insights, we have mentioned several strategies to optimize the storage capacity usage (i.e., increasing the number of stackers and reclaimers, and reducing stock units' capacity). As a perspective, it is worth investigating more in depth the impact of these strategies on the overall supply chain performance. Another perspective could be to study other supply chains where bulk cargo is shipped using rail transport alone or combined with maritime transport.

tactical laycan allocation problem with operational port decision problems (berth allocation and quay crane assignment) without placing a border between them.

We model the conveyor system in a new way that does not list each route of conveyors between storage hangars and berthing positions. This makes easier the allocation of conveyors and the maintenance of the model in case of infrastructural changes in the conveyor system.

We represent time in the storage space allocation model by events and overlap matrices inherited from production and berth scheduling decisions. Each event is equivalent either to a transfer of goods from production lines to hangars, or from hangars to berthing positions, while the matrices define overlaps between these events. This representation of time makes the originality of the storage model since it allows for the consideration of the optimal solutions of production and berth scheduling models and the conveyor routing constraints that exist between production lines, hangars, and berthing positions.

All these scientific contributions will provide new insights and search strategies, which can be useful for similar combinatorial optimization problems.

Managerial contributions

The proposed models are aimed at helping decision-makers in ports to better perform seaside and yard-side operational planning and easily negotiate charter party clauses. In addition, our integrated approach provides the alignment of decisions, from production until vessel loading operations, ensuring effective and efficient solutions that respect all constraints and ensure a better propagation at both the upstream and downstream of the adopted decisions.

The proposed DSS provides a lean operations scheduling all along the supply chain, pulled by downstream operations. Moreover, in case of remaining production capacity, the DSS permits producing to stock, compatible with the management of hangars, to anticipate peaks in demand that cannot be satisfied in a just-in-time manner due to limited production capacity.

Finally, since computation times of the models encapsulated in the DSS are short, the DSS can be used more often by the concerned managers to allow good reactivity in the event of a hazard or incident.

Perspectives

Research conducted in this thesis opens up several short-and long-term perspectives.

Short-term perspectives

In Chapter 3, we study only the time-invariant version of quay crane assignment problems, where a fixed number (QCAP) or group (QCASP) of cranes is assigned to each vessel throughout its handling time. It would be interesting to study the time-variant version of the U lj Upper boundary of the last period of production of order j.

ψ lp Boolean parameter that equals 1 if line l is unavailable during period p, 0 otherwise.

π lp Relative period for line l corresponding to the absolute period p; it considers the periods during which line l is not available due to preventive maintenance 

P L

The adapted production scheduling model is formulated as follows:

Equations (A.1) ensure that: i) a new or fictitious order j 2 ( ) j ∈E is assigned to a single line ( 1,..., L) l =

, ii) an order in progress at the beginning of the scheduling 1 ( ) i ∈E cannot be followed by more than one new order and may be followed by no order if that line is not included in the schedule. A new order j produced on line l must have a predecessor i (in progress or new) produced on the same line. Equation (A.2) enforces order i to be produced on line l if j is produced on line l. 

Optimization criteria

The production cost C1 induced by the schedule of orders is given by Equation (A.7). Several schedules may have the same minimum value of the production cost 1 C because slacks can exist between orders sequenced on the same line. Among them, schedules with the earliest delivery dates are usually preferred to keep the productive system busy in the short term. This is obtained by adding a penalty K (A.8), weighted by the coefficient α to 1 C , which gives the criterion 2 C (A.9). The value of the coefficient α must be low enough not to alter the values of the decision variable lijp x . The aim is to drive the choice of schedule from the set of optimal schedules. The value of the coefficient ρ j (0 ρ 1) j ≤ ≤ aims to pull order j toward its earliest schedule when ρ 1 j = and to push it toward its earliest schedule; when ρ 0 j = . The desired result is not achieved when conflicts occur between orders scheduled on the same line; in this case, one needs to work out the best schedule among the optimal ones. 
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 17 Figure 1.7: Interrelations between port planning problems

  1 that was developed by OCP Group and EMINES-School of Industrial Management, Mohammed VI Polytechnic University. OCP Group is the first worldwide producer and exporter of phosphate rock and phosphoric acid. It is also one of the largest fertilizer producers in the world. The company has access to more than 70% of the world's phosphate rock reserves. The repartition of these reserves in Morocco is shown in Figure 1.8.
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 1 Figure 1.10: Mapping of daily and weekly decisions in the Jorf Lasfar chemical platform
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 1 Figure 1.11: Bulk port of Jorf Lasfar 4

Figure 1 .

 1 Figure 1.12: Thesis structure Chapter 1 introduces the research work by presenting a general overview of maritime transport and ports and the optimization problems related to port management studied in this thesis. In addition, this chapter presents the industrial context, defines the problem statement, the objectives, and the contributions, and describes the structure of this thesis.

  Chapter 3 presents two new models. The first one integrates the LAP, the continuous BAP and the time-invariant QCAP, with the objectives of finding an efficient schedule for berthing vessels and an efficient quay crane assignment and of supporting terminal managers in the negotiation process with shipping lines. This integrated problem considers several characteristics and constraints rarely studied together, such as the multiplicity of quays, the variation of water depth, navigation channel restrictions related to tides, charter party clauses and non-working periods. All these characteristics and constraints have been formulated as predicates, which has ensured maximum flexibility in the implementation of the model and significantly improved its computational performance. The second model extends the first one to the time-invariant QCASP, which includes the assignment of a set of specific quay cranes to each vessel considering the productivity of quay cranes and their maximum outreach. Integrating these decision problems with different decision levels is made possible by changing the decision time-interval inside the planning horizon. The efficiency of these two models is shown through computational experiments on generated problem instances.Bulk ports are relevant in our industrial context. They have specific characteristics and constraints that are not studied in Chapter 3. Moreover, they have received less attention than container terminals in Operations Research (OR) literature. Chapter 4 presents an extension that integrates the LAP and the hybrid BAP considering the common characteristics and constraints of ports considered in Chapter 3 while adding specific constraints related to bulk ports, mainly conveyor routing constraints between storage hangars and berthing positions and the multiplicity of cargo types on the same vessel. Since each berthing position has a fixed ship loader, QCAP decisions are not addressed in the case of bulk ports. A case study inspired by the operations of OCP Group at the bulk port of Jorf Lasfar is also presented to validate the model.

  boundaries and cannot occupy the same quay space at a time. The output of the BAP is a berth plan that can be represented by a space-time diagram (Figure2.1) in which the horizontal axis represents the time, the vertical axis represents the quay, and each vessel is represented by a rectangle whose width represents the vessel length and whose length represents the vessel handling time. The left edge of the rectangle represents the vessel arrival time, while the right edge represents its departure time.
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 21 Figure 2.1: Graphic representation of a berth plan

  Figure 2.2: Different berth layouts Moreover, vessels can be berthed only at positions where the water depth exceeds their draft.
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 23 Figure 2.3: Navigation channel restrictions Barros et al. (2011) study the discrete dynamic BAP in tidal bulk ports with stock level conditions, prioritizing the vessels related to the most critical stock level. The authors model the BAP as a transportation problem in which vessels are seen as suppliers, and favorable tidal condition windows are seen as consumers. Xu et al. (2012) study both the
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  Figure 2.4: Weekend holiday by country

Figure 2 .

 2 Figure 2.5 shows an example of two tugboats assisting a container ship in its berthing operation. While pilot boats are used to transport maritime pilots between land and the incoming or outgoing vessels they are piloting. Abou Kasm et al. (2021) consider vessel scheduling with piloting and tugging constraints. Their work is motivated by the high costs involved in tugboats and maritime pilots, and the complexity of berthing and unberthing operations, especially during congestion periods. The authors also consider navigation channel restrictions that forbid the passing of vessel in opposite directions through the navigation channel.
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 25 Figure 2.5: Tugboats assisting a container ship 5
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 26 Figure 2.6: Types of functional integration (Bierwirth & Meisel, 2010)

  Figure 2.7 illustrates the difference between both versions.

Figure

  Figure 2.7: QCAP variants (Correcher, 2017)

  illustrate this situation in Figure 2.8. Each vessel is represented by a rectangle; in (a), the number of cranes assigned to each vessel appears in parentheses, while in (b), the group of cranes assigned to each vessel appears in braces. With 10 cranes available at the quay, the assignment in (a) is feasible for the BACAP with 2 cranes assigned to vessel 8. However, this solution is infeasible for the BACASP, since the group of cranes { } 8,9,10 is assigned to vessel 7, and thus the group of cranes { } 6, 7 cannot serve vessel 8 due to crane non-crossing constraints.

Figure 2

 2 Figure 2.8: A solution of the BACAP not feasible for the BACASP (Correcher et al. 2019)

(

  2020) also consider quay cranes considering productivity losses incurred by quay crane interference.At the tactical level,[START_REF] Zhen | An Integrated Model for Berth Template and Yard Template Planning in Transshipment Hubs[END_REF] study the planning of berth and yard templates for transshipment hubs. These plans are concerned by the allocation of berth, quay cranes and yard storage locations at a tactical decision level. The Berth part is solved first, and its results are used as the input of the yard part. The aim is to minimize vessels turnaround time and the deviation from vessels best berthing positions that are determined by the yard template. The result is refined by repeating an iterative process until no improvement is found. Similarly,[START_REF] Hendriks | Simultaneous berth allocation and yard planning at tactical level[END_REF] study the simultaneous berth allocation and yard planning problem at the tactical level in import/export container terminals. The objective is to reduce the total internal vehicle driving distance.

  [START_REF] Corry | The Berth Allocation Problem with Channel Restrictions[END_REF] integrate the BAP with a detailed channel scheduling problem in tidal ports with long and constrained navigation channels, especially channels that are narrow in some sections, which constrains the capability of vessels passing in opposing directions. The authors model the integrated problem based on a no-wait bidirectional flow shop with parallel machines where vessel movements correspond to jobs, channel segments correspond to machines, and channel segment transits correspond to operations.Fatemi-Anaraki et al. (2020) study berth and waterway scheduling and quay crane assignment decisions in an integrated manner. The waterway under study is a two-way waterway characterized by width limitation for vessels moving in opposite directions. The authors include the limitations related to tides, draft limits and safety distance between vessels moving in the same direction. As the three subproblems occur consecutively, the integrated problem is modeled based on the hybrid flow shop scheduling problem with unrelated parallel machines, machine eligibility constraints, and shared resources.Liu et al. (2021) also integrate the BAP with Waterway Scheduling Problem, which they call the Ship Scheduling Problem, for a busy seaport with channel restrictions, in which the channel width can accommodate only one large-sized vessel or two small-sized vessels in its two-way navigation.

  Efficient management of port resources plays a crucial role in reducing vessel stay times and avoiding the payment of demurrage charges. In this paper, we focus on the integrated Laycan and Berth Allocation and Quay Crane Assignment Problem, which considers three main decision problems in port management in an integrated way: the Laycan Allocation Problem, the dynamic continuous Berth Allocation Problem, and the time-invariant Quay Crane Assignment Problem. In a second part, the integrated problem is extended to the Specific Quay Crane Assignment, which includes the assignment of a set of specific quay cranes to each vessel, considering the productivity of quay cranes and their maximum outreach. The proposed integer programming models are original in several ways. First, the formulation of the models uses predicates which ensure flexibility in the implementation, and significantly
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 3 1 and Figure 1.5 illustrate, respectively, the different actors involved in contracts of affreightment and the main chartering terms.

Figure 3 . 1 :

 31 Figure 3.1: Different actors involved in contracts of affreightment Laycan and laytime are the two main clauses in the Charter Party of type VoyageCharter. Laycan is an abbreviation for the Laydays and Canceling clause. This clause only concerns vessels that are going to be loaded in ports. It establishes the period during which the shipowner must issue the Notice of Readiness (NOR) to the charterer that the vessel has arrived at the port of loading and is ready in all respects to load. This period is expressed as two dates: the earliest date, when the vessel is required by the charterer, and the latest date for the commencement of the charter. If NOR is not issued during the laycan, the charterer has the option of canceling the charter. Once the vessel arrives at the port of loading, the charterer should be ready to start loading its cargo in order not to exceed its laytime. This latter is the amount of time allowed by the shipowner to the charterer in a Voyage Charter for the loading or the unloading of cargo, and it equals the cargo volume divided by the contractual rate of loading or unloading. Laytime begins at the instant NOR is received. If the charterer exceeds the laytime, a predetermined penalty called demurrage is incurred. This penalty equals the time exceeded multiplied by the demurrage rate. Otherwise, if the whole period of laytime is not needed, a refund called despatch may be payable by the shipowner to the charterer. This refund equals the unused time multiplied by the despatch rate. Despatch is usually set at 50% of the demurrage rate (Despatch half Demurrage), but this depends on the terms of the Charter Party. The vessel may thus be able to leave port early.

•

  BAP characteristics: (1) Spatial attribute: it concerns the berth layout (either discrete, continuous or hybrid), vessel drafts (considered or not) and the quay (single or multiple quays) when deciding on vessel berthing positions. (2) Temporal attribute: it describes the arrival process of vessels (static or dynamic), the possibility of speeding up vessels if soft arrival times are given, and the consideration of tide constraints and unavailability periods. (3) Handling time attribute: it highlights if the interference among quay cranes and the berthing deviation from the desired position are considered (or not) in the calculation of vessel handling times.
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 33 Figure 3.3: Example of a port with multiple quays, different water depths, and homogeneous cranes in each quay

τ

  Departure time period of vessel v if this latter berths in time period t at quay

  v, which is the time added to the laytime of the vessel. v u is integer because it refers to a number of time periods.

ρ

  v, which is the time saved from the laytime of the vessel. Number of active quay cranes serving vessel v at quay q during time period t. v π Expected departure time of vessel v. v ε Inverse of the berthing section of vessel v. Its role is to favor the berthing of vessels as close as possible to the port yard, without impacting the main criterion value used in the objective function.

Figure 3 . 4 :

 34 Figure 3.4: Vessel scheduling update

4.

  Vessel v can berth between its expected time of arrival and its expected time of arrival increased by its maximum waiting time in the harbor: v can berth only at time periods t for which the parameter G 1 vt = . In other words, vessels whose handling is restricted to working periods (γ 1) v = can berth only during working periods (ψ 0) vt = , and vessels that are tide-dependent at their berthing (α 1) v = can berth only during high tide cycles (O 1). t =

Figure 3 . 5 :

 35 Figure 3.5: Example of overlaps between 3 vessels (if their handling is not restricted to working periods)

Figure 3 . 6 :Figure 3 . 7 :

 3637 Figure 3.6: Example of a port with multiple quays, different water depths, and heterogeneous quay cranes

τ

  Departure time period of vessel v if this latter berths at time period t and group

Figure 3 . 8 :

 38 Figure 3.8: Illustration of the spatial condition

  the nearest integer, where the interference exponent a 0.4. = This latter reduces the marginal productivity of quay cranes. Since quay cranes are heterogeneous in the LBACASP model, handling times of vessels depend on the global productivity of each group of quay cranes.

Figure 3 .

 3 Figure 3.9 and Figure 3.10 show, respectively, a portion of the Gantt charts of the optimal schedules obtained by the LBACAP and the LBACASP models with the economic objective function. The complete Gantt charts of both solutions with the economic and physical objective functions, and the detailed results are shown in the files LBACAP results.xlsx and LBACASP results.xlsx.

Figure 3 . 9 :

 39 Figure 3.9: Part of the Gantt chart of the LBACAP model with the economic objective function

  case where the 50 meters discretization is used. All instances and their detailed results are accessible in the Instances folder. The results and discussions are provided below.

  Laycan Allocation Problem has a clear interaction with one of the most important operational problems in the seaside area of ports: the Berth Allocation Problem. This latter also has a strong link with the assignment of quay cranes. Consequently, in this paper, we have introduced first a new integer programming model for the integrated Laycan and continuous Berth Allocation and time-invariant Quay Crane Assignment Problem (LBACAP). This latter integrates three problems with different decision levels (tactical and operational); therefore, a change of decision time-interval is made inside the planning horizon. Since the time-variant Quay Crane Assignment Problem usually introduces important shortcomings in the optimization process, we have chosen the time-invariant version, which gives solutions that are easier and more realistic to implement in port terminals. However, a little sacrifice is made in the optimal use of quay cranes. Two different objective functions are proposed: one based on a physical criterion since the actors involved in the port operations have conflicting objectives and interests and one economic objective function, based upon Charter Party clauses established with shipowners, such as despatch money and demurrage, when ports

Figure 4 . 1 :

 41 Figure 4.1: Hybrid berth layout Each berthing position is characterized by a length and a water depth. All the berthing positions of a quay can have the same water depth, or the water depth increases seaward by berthing positions, as in Figure 4.2. The indexation of berthing positions is independent of the quays.

Figure

  Figure 4.2: Example of a bulk port

Figure 4 . 3 :

 43 Figure 4.3: Sections of the port conveyor system Berthing positions are linked to storage hangars by a conveyor system, as shown inFigure 4.3. The conveyor system is a set of identical parallel conveyors (represented by horizontal bars) connected together by switches (represented by dots) and identical feeding/transfer conveyors (represented by vertical bars). The black box represents a flexible transfer system that connects the upstream conveyors linked to the hangars to the downstream conveyors linked to each berthing position on the quays. A route is a collection of interconnected horizontal and vertical conveyors that links a hangar to a berthing position.

  Figure 4.3, maximum 3 in section 1 and 4 in section 2). The second one is a Boolean parameter with three indices (storage hangars,

Figure 4 . 4 :

 44 Figure 4.4: Representation of a chartered vessel and the batches to load on it

′

  letters, the variables by italic letters, and the indices by italic lowercase letters. The latter are Boolean parameter that equals 1 if berthing positions p and p′ share a berthing position, 0 otherwise (e.g., in Figure 4.1, berthing positions 3 Number of identical parallel conveyors in section s. F sh Boolean parameter that equals 1 if one of the conveyors belonging to the route that links a berthing position to storage hangar h belongs to section s, Duration of maintenance p m to be performed at berthing position p. Earliest time to perform maintenance p m at berthing position p. Expected arrival time of chartered vessel v and earliest time a new vessel to charter v can arrive to the port. I v Maximum waiting time in the harbor of vessel v. λ v Length of vessel v.

  v can berth at berthing position p, 0 otherwise. Date of availability of batch v b to load on vessel v.

u

  Loading time of batch v b on vessel v when the latter is berthed at berthing position p. θ v b vp = tonnage of batch v b / productivity of berthing position p. vp Θ Loading time of vessel v when the latter is berthed at berthing position p, which equals the sum of loading times of all the batches to load on this vessel, in any order without downtime: equals 1 if the handling of vessel v should not be carried out during time period t, 0 otherwise. Γ vt Relative period of the absolute time period t of vessel v considering nonworking periods. vt ϒ Absolute period of the relative time period t of vessel v considering nonv starts berthing at berthing position p in time period t, hangar h starts loading on vessel v at berthing position p in time period t, 0 otherwise. s m starts performing at a conveyor in section s in time period t, 0 otherwise. v Delay of vessel v, which is the number of time periods exceeding its laytime,

  p, the loading start time t of batch v b , stored in hanger h. The first batch to load on each already berthed vessel ( ) 1 v ∈V has a residual handling time with a loading start time assumed at 1 t = .

  . Similarly, the conveyors used to transport each batch v b from storage hangar h to berthing position p will be reserved from the latest loading start time of the batch decreased by the vessel's laydays,

Figure 4 . 5 :

 45 Figure 4.5: Reservation of port resources for new vessels to charter

3 .

 3 The draft of vessel v must not exceed the water depth of berthing position p: v can berth only after its expected arrival time without exceeding its maximum waiting time in the harbor: ≤ + . Already berthed and chartered vessels have fictitious laydays equal to one hour ( )

  time t of performing maintenance p m at berthing position p and maintenance s m at a conveyor in section s, respectively. The existence of these two decision variables is subject to only one condition, each which states that each maintenance must be performed between its earliest and latest time: sections. When the maintenance has a fixed date, the indices of the decision variables are predetermined.

First

  

( 6 )

 6 ensures that berthing position p is the same in both decision variables vtp x ensures that the loading of each batch v b can only begin once vessel v has been berthed. Equation (

Figure 4 .

 4 Figure 4.6 shows the Gantt chart of vessel and batch schedule. A complete Gantt chart of 60 vessels and a 4-week planning horizon is shown in the file Gantt.xlsx. At its bottom, there is a timeline in hours and a one-week time frame (from Friday of week 2 to Monday of week 3) with high tide hours. The decision time-intervals are highlighted every four hours for week 2 and every eight hours for week 3. All constraints are respected by the solution given by the LBAP model:

Figure 4 . 6 :

 46 Figure 4.6: Gantt chart of vessel and batch schedule

  and Gu et al. (2007) review research on warehouse operation planning problems and Reyes et al. (2019) summarize the published literature on the SSAP. Leal Gomes Leite et al. (2020) present a bibliographical review of papers involving OR applications in the integrated mine-to-client SC. The authors detail the planning models of each link in the SC, including the port with stockyard planning and conveyor routing operations. In this section, we only focus on papers that are closely related to our industrial context (bulk ports) and propose new models for the SSAP in this context.

Figure 5

 5 Figure 5.1: A schematic representation of the conveyor system

Figure

  Figure 5.2: Functioning of the DSS 5.4. SSAP model formulation 5.4.1. Notation The sets, indices, parameters, and decision variables of the SSAP mathematical model are presented in Table 5.2.

  ensures that a produced batch j is sent to a unique SU h s belonging to hangar h, provided that the group of hangars G h including hangar h is linked to the group of production lines l g j including production line l j where batch j is produced and thus (3) calculate the absolute value of the difference between the fertilizer reference of each produced batch and the reference of the fertilizer already stored in each SU.

  g

Figure 5 .

 5 Figure 5.3 gives the inventory position of each fertilizer reference as a function of each vessel loading, considering the production initially in progress, the initial state of SUs and EEOs. The objective is to detect at what point a fertilizer reference becomes out of stock. It appears clear that vessels to be loaded during the first week are filled by available stocks.

Figure 5 . 3 :

 53 Figure 5.3: Inventory position of fertilizers Table 5.7 gives the order book built in the first step of the DSS (on the left) and the optimal Production Plan generated by the Production model (on the right) in a computation time of 67.9s.

Figure 5 . 4 :

 54 Figure 5.4: Optimal production scheduling Gantt chart

  Production cost of order j in line l, after producing order i, calculated as the sum of the setup cost, required by a change of fertilizer reference produced on line l, and of the direct variable cost of producing fertilizer j on line l.

  ρ jCoefficient used to drag the schedule of order j towards its earliest value or its latest possible value in case of slack; j is processed on line l just after order i and is delivered at period p,

  prevents order j from being produced as long as the production of order i is in progress, when both orders are produced on the same line. The number of periods P plays the role of the "big M" constant.

  (dispatch money, despatch money ou simplement despatch) pour l'affréteur. Ces éléments contractuels sont représentés à la Figure B.1.

Figure B. 1 :

 1 Figure B.1 : Paramètres contractuels et réels des navires Dans le cadre de cette thèse, nous avons étudié quatre principaux problèmes liés à la gestion portuaire à la fois hiérarchiques et interdépendants : le problème de l'allocation des planches, le problème de l'allocation des postes à quai, le problème de l'allocation des grues de quai et le problème de l'allocation des espaces de stockage. La Figure B.2 illustre la hiérarchie de ces quatre problèmes portuaires dans un sens descendant, ainsi que la rétroaction qui existe entre eux, dans un sens ascendant. En effet, l'output d'un niveau de planification peut être à la fois un input pour le niveau suivant et une contrainte pour le niveau précédent.Le problème tactique de l'allocation des planches (Laycan Allocation Problem) génère une affectation de plages de temps aux nouveaux navires à affréter durant lesquelles leur accostage est possible sur un horizon de planification à moyen terme de quelques semaines.Cette affectation doit prendre en considération la disponibilité des quais et des marchandises à charger dans les navires, d'où son interaction avec le problème opérationnel de l'allocation des postes à quai (Berth Allocation Problem). Ce dernier génère un programme d'accostage qui détermine où un navire doit accoster dans le port et sur quelle plage de temps, sur un horizon de planification à court terme de quelques jours. Ce programme doit optimiser le séjour des navires en rade et à quai en prenant en compte la disponibilité datée des quais, leurs caractéristiques (longueur, profondeur, etc.) et celles des navires(taille, tirant d'eau, etc.). Le temps de traitement d'un navire dépend fortement du nombre et de la productivité des grues de quai qui lui sont allouées. D'où l'étude du troisième problème intitulé le problème opérationnel de l'allocation des grues de quai (Quay Crane Assignment Problem) qui détermine combien de grues de quai vont servir chaque navire. Ce problème peut être étendu

Figure B. 2 :

 2 Figure B.2 : Représentation des interactions entre les problèmes portuaires étudiésPremièrement, nous avons étudié un nouveau problème intégré dans la littérature de la recherche opérationnelle que nous avons nommé le problème intégré de l'allocation de planches, des postes à quai et des grues de quai (Integrated Laycan and Berth Allocation and Quay Crane Assignment Problem) dans les ports en général, en particulier dans le contexte des ports à conteneurs. Cette intégration est motivée par la forte interdépendance qui existe entre ces différents problèmes. En effet, les décisions d'allocation des planches au nouveaux navires à affréter dépend de la disponibilité des quais tout au long de l'horizon de planification, de même, le temps de séjour des navires à quai dépend du nombre et du type de grues de quai qui lui sont allouées. La non prise en compte de ces interrelations entrainerait des décisions de qualité médiocre, voire des solutions infaisables. L'objectif de ce nouveau problème intégré est ainsi d'optimiser l'utilisation des quais et des grues de quai et de proposer des planches optimales aux nouveaux navires à affréter. Ensuite nous avons remplacé le problème de l'allocation des grues de quai par le problème de l'allocation des grues de quai spécifiques pour prendre en compte les différentes caractéristiques des grues de quai à savoir leur productivité et leur portée. Cette extension rend le problème intégré plus difficile à résoudre mais donne des solutions plus réalistes.Différentes caractéristiques des ports et des navires sont considérées pour s'approcher le plus possible de la réalité, à savoir : la multiplicité des quais, la variabilité de la profondeur des quais et des tirants d'eau des navires, les restrictions du chenal de navigation liées aux

  

  

  crane schedule for loading and unloading containers, the Yard Crane Scheduling Problem that is concerned with routing the yard crane given a sequence of storage and retrieval requests to perform, the Container Relocation Problem that tackles the minimization of relocations when retrieving containers in a simpler setting, the Vehicle

	defines a quay					
	Input data		Output data			
	-Cargo availability dates -Availability of quays	Laycan Allocation Problem	Charter Party -Berthing time windows (laycans)			
	-Vessel arrival times					
	-Vessel lengths -Vessel drafts -Berth lengths -Berth water depths -Number and productivity of quay cranes -Cargo weights -Minimum and maximum numbers of quay cranes -Quay crane productivities -Quay crane maximum	(Specific) Quay Crane Assignment Problem Berth Allocation Problem	Berth Plan -Berthing times -Berthing positions Quay Crane Plan -Number of quay cranes / Set of specific quay cranes	Time	Availability of input data	Uncertainty of input data
	outreaches					
	-Availability of cargo in					
	storage spaces					
	-Cargo weights -Cargo references -Cargo availability dates	Storage Space Allocation Problem	Storage Plan -Cargo storage spaces			

that are not addressed in this thesis, such as the Container Stowage Problem that deals with the arrangement of containers into vessels, the Quay Crane Scheduling Problem (QCSP) that

  ). Integrated Laycan and Berth Allocation and time-invariant Quay Crane Assignment Problem in tidal ports with multiple

	quays. European Journal of Operational Research, 293(3), 892-909.
	https://doi.org/10.1016/j.ejor.2020.12.056
	-Bouzekri, H., Alpan, G., & Giard, V. (2021). Integrated Laycan and Berth Allocation
	Problem with conveyor routing constraints and preventive maintenance activities in
	bulk ports. Computers & Industrial Engineering, submitted.

Table 3 .1: BACA(S)P literature

 3 We can make several observations regarding Table3.1. Most of the papers consider spatial attributes of the ports, while temporal attributes, such as tide constraints or unavailability periods, are rarely addressed. As for the spatial attributes, most consider single quay problems and vessels drafts are usually disregarded. The draft is a fundamental characteristic of a vessel and forms a major constraint in the BAP, especially in case of tidal ports. There are three different kinds of vessels: Feeder, Medium and Jumbo. The largest ones are Jumbo and have deep drafts. In tidal ports (e.g., Port of Jorf Lasfar, Port of Shanghai, Port of Hamburg, etc.), large vessels can only navigate the route when the tide is sufficiently high, which make them tide-dependent, especially when they are loaded, upon entering or leaving the port. Indeed, during low tide periods, large vessels have to wait until the depth of the sea reaches the required level. Therefore, the vessel's draft must be considered to distinguish a

								BAP characteristics			QCA(S)P characteristics			BACA(S)P performance measure			BACA(S)P solution approach BACA(S)P modeling choices
		Authors	Port type	BACAP	BACASP	discrete Berth Spatial attribute continuous mono multi Quay Draft layout	static Temporal attribute dynamic Tide Unavailability periods Vessel arrivals Speedup	Quay crane interference Handling time attribute Berthing deviation	Time-variant	Time-invariant	Quay crane productivity	Quay crane outreach	Vessel departure times	Vessel stay times	Waiting times	Tardiness	Waiting costs	Delay costs	Speedup costs	Berthing deviation costs	Demurrage vs Despatch	Quay crane assignment costs	Quay crane energy consumption costs	Quay crane movements	Novel mathematical models	Exact methods	Heuristics	Metaheuristics	Simulation	Berthing time	Berthing space	Draft	Max and min quay cranes	Quay crane outreach	Tide	Unavailability periods
	1	Park and Kim (2003)	cont	x	x	x	x		x	x			x		homo						x	x x x				x	x	x				C C	C
	2	Imai et al. (2008)	cont		x x	x		x					x	homo			x											x		x			C	
	3 Meisel and Bierwirth (2009)	cont	x		x	x		x x	x	x	x		homo							x x			x			x		x	x		C C	C
	4	Chang et al. (2010)	cont		x	x	x		x		x		x		homo						x	x		x		x			x		x		x	C C	C
	5	Raa et al. (2011)	cont	x		x	x		x				x		homo							x		x				x	x		x			P C	C
	6	Yang et al. (2012)	cont	x		x	x		x					x	homo			x										x	x	x	x			C C	C
	7	Elwany et al. (2013)	cont	x		x x x		x x	x	x	x		homo							x x			x			x		x	x		C C C C
	8	Türkoğulları et al. (2014)	cont	x	x	x	x		x		x			x	homo						x	x		x					x	x	x			P P	P
	9	Han et al. (2015)	cont	x	x	x	x		x				x		homo	x		x						x				x	x		x			C C	C C
		Iris et al. (2015)	cont	x		x	x		x x	x	x	x x homo							x x			x			x					C C	C
		Hsu (2016)	cont	x		x	x x		x		x	x	x		homo							x x					x	x		x			C C C C
		Karam and Eltawil (2016)	cont		x	x	x		x				x		homo	x					x	x		x				x	x					P P	C C
		He (2016)	cont	x		x	x		x		x	x	x		homo				x x							x		x			x	x	C C	C
		Türkoğulları et al. (2016)	cont		x	x	x		x		x		x		homo						x	x		x				x	x	x	x			P P	P
		Zhen et al. (2017)	cont	x		x	x		x	x				x	homo				x x									x		x			C		C
		Agra and Oliveira (2018) cont+bulk		x	x	x		x				x		hetero	x	x												x	x	x			C C	C C
		Krimi et al. (2019)	bulk	x		x		x	x	x x				x	homo							x							x		x			C C	C	C C
		Correcher et al. (2019)	cont	x	x	x	x		x		x			x	homo						x	x		x					x	x				P C	P
		Malekahmadi et al. (2020)	cont		x	x x x		x	x			x		homo						x								x			x		C C C	C
		Our paper	cont+bulk x	x	x x	x	x	x x	x			x hetero	x			x						x		x		x					P P P P P P P
	P: Predicate; C: Constraint																																

vessel as either tide-dependent or not. For tide-dependent vessels, decision makers define feasible tidal time windows for berthing and departure. Note that tide constraints and multiple quays have recently received much attention in the BAP and BACAP literature. For instance,

[START_REF] Barros | Model and heuristic for berth allocation in tidal bulk ports with stock level constraints[END_REF] 

and

[START_REF] Du | Modeling the Impacts of Tides and the Virtual Arrival Policy in Berth Allocation[END_REF]

, focusing on BAP, and

[START_REF] Zhen | Daily berth planning in a tidal port with channel flow control[END_REF]

, focusing on discrete time-variant BACAP, introduce tide constraints in their models.

[START_REF] Dadashi | A novel continuous berth scheduling model at multiple marine container terminals with tidal considerations[END_REF] 

study the BAP in tidal ports with multiple terminals, while

[START_REF] Frojan | The continuous Berth Allocation Problem in a container terminal with multiple quays[END_REF] 

study the continuous BAP in a container terminal with multiple quays. We note that the papers that do not integrate BAP and QCA(S)P together are not integrated into Table

3

.1.

Another observation in Table

3

.1 is that few papers consider unavailability periods, while this is a very common clause in the Charter Party. For instance, it is not unusual to cease cargo operations in ports during some days. These non-working days (exception periods) are either included or excluded in the counting of laytime in the Charter Party. Two examples are given below. There are numerous exception periods expressed similar to these examples. The reader can refer to

  as a number of berthing sections.

	max n v	Maximum number of identical quay cranes (technically allowable maximum
		number) that can be assigned to vessel v.
	Vessels and tides
	O	

min n v

Minimum number of identical quay cranes (technically allowable minimum number) that can be assigned to vessel v. t

Boolean parameter that equals 1 if time period t is within a high tide cycle, 0 otherwise.

α v

Table 3 .

 3 2, where each time period is one hour long and non-working periods last two hours. A realistic assignment of two-days long non-working periods is provided in the file Time.xlsx.

Table 3 .2: Calculation of tide and non-working periods parameters

 3 

  Monday in a rolling horizon). Therefore, as we advance in the planning horizon, the schedule is refined: some chartered vessels ( )

			ψ vt			G vt			Γ vt	1	ϒ	vt
						1	1	1	6	4	6	8
	7	0	0	0	1	1	0	0	7	5	7	9
	8	0	0	0	1	1	0	0	8	6	8	12
	9	0	0	0	1	1	0	0	9	7	9	13
	10	0	0	1	1	0	0	0	10	8	10	14
	11	0	0	1	1	0	0	0	11	8	11	15
	12	0	0	0	1	1	0	0	12	8	12	16
	13	1	0	0	1	1	1	1	13	9	13	19
	14	1	0	0	1	1	1	1	14	10	14	20
	15	1	0	0	1	1	1	1	15	11	15	21
	16	1	0	0	1	1	1	1	16	12	16	22
	17	0	0	1	1	0	0	0	17	13	17	23
	18	0	0	1	1	0	0	0	18	13	18	0
	19	0	0	0	1	1	0	0	19	13	19	0
	20	0	0	0	1	1	0	0	20	14	20	0
	21	0	0	0	1	1	0	0	21	15	21	0
	22	1	0	0	1	1	1	1	22	16	22	0
	23	1	0	0	1	1	1	1	23	17	23	0

2

V will become berthed vessels ( )

Table 3 .3: Notation of predicates in the LBACAP model

 3 

	Index	Predicate	Notation
	q		

Table 3 .4: Notation of predicates in the LBACASP model

 3 

	Index	Predicate	Notation
	q		

Table 3 .5: Class of water depth of berthing sections

 3 

Table 3 .6: Characteristics of groups of quay cranes

 3 

	Discretization unit			50 m			10 m	
	Class of water depth	s W q q	1	2	3	1	2	3
	Range of sections of quay q	1 -3 4 -10 11 -20 1 -15 16 -50 51 -100

Table 3 .7: Specifications of vessels in the test instances

 3 

Table 3 .8: Solving the LBACAP with a computation time limited to 1 hour

 3 

	occ

We can make several observations based on these results: Q V Solved Optimum Avg.time Avg. gap Max. gap Avg. occ Solved Optimum Avg.time Avg. gap Max. gap Avg.

  Solved Optimum Avg.time Avg. gap Max. gap Avg. occ Solved Optimum Avg.time Avg. gap Max. gap Avg.

					LBACAP eco					LBACAP phy		
														occ
	10 meters discretization	1 3 5	50 75 100 10 10 10 50 10 75 10 100 10 50 10 75 10	10 9 6 10 10 10 10 10	638.0 2443.0 6861.3 1592.1 2434.7 3248.4 2930.1 4222.9	0 1.7 9.6 0 0 0 0 0	0 16.6 70.0 0 0 0 0 0	34.7 47.4 59.2 11.6 16.0 20.0 7.0 9.6	10 10 10 10 10 10 10 10	10 7 2 10 10 10 10 10	1223.8 5071.3 10472.0 2678.1 4193.4 5506.7 5247.8 6946.3	0 0 1.7 0 0 0 0 0	0 0.2 7.2 0 0 0 0 0	34.3 47.4 59.4 11.6 16.0 20.0 6.9 9.6
			100 10	10	5733.4	0	0	12.0	10	10	9028.7	0	0	12.0

Q V

Table 3 .10: Optimal objective values of the LBACAP model

 3 

Table 3

 3 

	.11 shows the results

Table 3 .11: Solving the LBACASP with the 50 meters discretization

 3 

  Solved Optimum Avg.time Avg. gap Max. gap Avg. occ Solved Optimum Avg.time Avg. gap Max. gap Avg.

					LBACASP eco					LBACASP phy		
														occ
			20 10	10	85.0	0	0	14.2	10	10	110.5	0	0	14.2
	50 meters discretization	1 3 5	35 10 50 10 20 10 35 10 50 10 20 10 35 10	10 10 10 10 10 10 10	288.2 605.3 392.1 748.3 1190.5 584.5 1885.7	0 0 0 0 0 0 0	0 0 0 0 0 0 0	23.6 34.3 4.7 7.9 11.3 2.8 4.8	10 10 10 10 10 10 10	10 10 10 10 10 10 10	322.4 782.2 476.7 905.0 1390.6 695.2 2146.6	0 0 0 0 0 0 0	0 0 0 0 0 0 0	23.7 34.1 4.7 7.8 11.2 2.8 4.7
			50 10	10	2728.1	0	0	6.8	10	10	3125.5	0	0	6.7

Q V

Table 4 .1: BAP literature in the context of bulk ports Performance
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	Demurrage vs despatch
	Modelling choices: P: Predicate; C: Constraint

measure attribute: D: Departure times; T: Tardiness; W: Waiting times; H: Handling times; S: Total service times; M: Makespan; R: Priority deviation; V:

Table 4 .2: Calculation of non-working periods parameters

 4 

Table 4 .4: Characteristics of berthing positions

 4 

Table 4 .5: Characteristics of sections of the port conveyor system

 4 

Table 4 .6: Characteristics of vessels

 4 

Table 4 .7: Computational results

 4 

Table 5 .1: SSAP literature

 5 

	F: Feeding; R: Removing
	DI: Deep Integration; FI: Functional Integration

  Table 5.2.

		Initial stocks	Ongoing production		EEOs	Vessels For each vessel:
					For each EO per vessel:	• ETA
	1	For each PO corresponding to an EEO of an EO: Oder book for MTO		• Fertilizer reference • Weight	• EOs • Length • Draft
		• Fertilizer reference			
		• Weight = SU capacity (except the first POs will		
		complete incompletely filled SUs and the last		
		PO will have the remainder of the EO) • Latest delivery date = Vessel ETA -Cooling time • Earliest delivery date of PO i = Earliest delivery date of Po i+1 -its longest production time (the earliest delivery date of the first PO = its latest delivery date -one day)	2	Production Model • Production line  Group of hangars Production start-date + Cooling time Effective date of availability = • Production start and end-dates  For each PO corresponding to an EEO : Optimal Production Plan	3	of each EEO • Loading start and end-date of each vessel • Berthing time and position Optimal Berthing Plan Port Model
		Relocating conflicting POs to another group of		
		production lines using the interactive		
			production scheduling Gantt chart		
				4	
					Hangar model
					Optimal Storage Plan
				• Where each PO will be stored
				• From where each EEO will be removed
						5
		Removing the most binding conveyor routing constraint that says that two POs or more cannot be sent at a time to a hangar, unless they have the same fertilizer reference	No	Solution	Yes	Including MTS in the interactive production scheduling Gantt chart according to free time slots while considering the production model constraints and the availability of SUs

Table 5 .2: Notation of the SSAP mathematical model

 5 

	Index	Description						
	e	Index of events (sending a batch either from a production line to a hangar or
		from a hangar to a vessel)	E	=	{ 0,..., E }	.
	i	Index of stored batches to load on vessels (EEOs)	I	=	{ } 1,..., I	.
	j	Index of produced batches to store on hangars (POs)	J	=	{ } 1,..., J	.
	h	Index of hangars	H	=	{ 1,..., H }	.
	h s	Index of SUs belonging to hangar h	S	h	=	{ 1,...,S h	}	.
	h′	Index of groups of hangars	H	′	=	{ 1,..., H	} ′	.
	l	Index of production lines	L	=	{ 1,..., L }	.
	l′	Index of groups of production lines	L	′	=	{ 1,..., L ′ }	.
	Parameter Description						
	Constants							

min K Minimum threshold below which a SU can receive a new fertilizer reference. max K Maximum capacity of SUs. F Number of fertilizer references.

10) Updating used capacities of stocks and stored fertilizer references

  so that the SU can receive a new fertilizer reference avoiding contamination between fertilizers with different references, and also updates the used capacity of a SU when a new batch is stored in it. Equations (14) ensure that the used capacity of SUs remains greater than or equal to zero without exceeding the maximum capacity. Equation (15) ensures that the fertilizer reference of a SU stays the same with only two exceptions: if the SU becomes empty, the fertilizer reference of the SU becomes zero, and if an empty SU is filled with a new batch, the fertilizer reference of the SU takes the value of the fertilizer reference of the new batch. Equation (16) determines if a SU is used or not during the planning horizon.

	leaves it, , 1 h h s s he h e π π -	i ∈	e	D Q i	i	h s ih x	,	h	G	h	, h s i h	h	,	e	e	0
	Equation (11) updates the used capacity of a SU when a batch leaves it before considering the
	minimum threshold min K . Equations (12) determine if the used capacity of a SU becomes
	less than the minimum threshold min K	when a batch leaves it. Equation (13) sets to zero the
	used capacity of a SU if it becomes less than the minimum threshold min K	when a batch

Table 5 .4: Division of EOs into EEOs

 5 

Table 5 .

 5 5 and Table5.6 give respectively the residual weight of production orders initially in progress and the initial state of SUs.

Table 5 .5: Production initially in progress

 5 

			Vessel #	Date of arrival	Fertilizer # Producer	Weight of EOs (t)	Weight of batches to load (EEOs) (t)
			1	1	F1	OCP	11.000 9.000 + 2.000
	Berthed	vessels	2 3	1 1	F2 F3 F4 F5	OCP OCP OCP OCP	2.200 2.200 2.200 2.200 36.900 9.000 + 9.000 + 9.000 + 9.000 + 900 22.000 9.000 + 9.000 + 4.000
	Vessels expected to arrive	during the first week	4 5 6 9 7 8	27 41 50 120 58 98	F1 F1 F6 F4 F1 F15 F4 F7 F5 F1	OCP OCP OCP OCP OCP ODI OCP OCP ODI OCP	10.640 9.000 + 1.640 2.030 2.030 27.500 9.000 + 9.000 + 9.000 + 500 15.530 9.000 + 6.530 6.889 6.889 5.364 5.364 18.000 9.000 + 9.000 10.500 9.000 + 1.500 22.000 9.000 + 9.000 + 4.000 3.300 3.300
	Vessels expected to arrive	during the following weeks	10 … 20 21 … 27 11 12	220 … 451 503 … 610 226 239	F1 F3 F16 F8 F3 … F10 F1 … F6	OCP OCP ODI OCP OCP … OCP OCP … OCP	3.040 3.040 6.930 6.930 4.700 4.700 1.650 1.650 1.650 1.650 … … 45.000 9.000 + 9.000 + 9.000 + 9.000 + 9.000 3.150 3.150 … … 27.500 9.000 + 9.000 + 9.000 + 500
			28	625	F14	OCP	11.025 9.000 + 2.025
				Production line	Batch # to produce	Fertilizer #	Weight (t)	Production start-date	Production end-date
				1A	1	F4	8.800	1	98
			Group 1	1B 1C	2 3	F10 F9	8.000 7.000	1 1	89 78
				1D	4	F10	1.000	1	12
			Group 2	2A 2B 2C	5 6 7	F1 F4 F4	2.500 8.900 8.300	1 1 1	21 75 70

Table 5 .6: Initial state of SUs (Fertilizer # -Weight)

 5 

Table 5 .7: Order book and optimal Production Plan 1

 5 Due date = Vessel arrival date 2 Longest production time is calculated using the lowest production rate (90t/h), while production time is calculated using the production rate of the assigned production line (90t/h or 120t/h)

		Hangar	1	2	3	4 Stock Units in the hangar 5	6	7	8
	Group 1	A B C	F4-9.000 F4-9.000 F4-200	F10-1.000	F4-9.000 F4-9.000 F10-9.000		F4-9.000 F4-9.000
		D	F1-8.541 F1-8.919 F1-9.000 F1-540		F1-9.000
	Group 2	E F G H	F2-2.200 F5-9.000	F7-1.500 F5-4.000 F5-9.000 F3-2.200 F4-9.000 F4-700 F6-9.000 F6-9.000		F6-9.000 F6-500
		I				F4-100 F4-9.000 F7-9.000
	Group 3	J K L	F15-5.364 F15-7.525 F16-4.700 F5-8.000 F5-9.000 F4-9.000 F4-9.000	F4-4.000	F5-9.000 F5-9.000 F5-9.000

See Mendeley Data: https://data.mendeley.com/datasets/69dmgvvyh6/1 3 Earliest production end-date of PO i = Earliest production end-date of PO i-1 -Production time of PO i-1 (Earliest production end-date of PO1 = Latest production end-date of PO1 -one day (24) +1) 4 Latest production end-date = Due date -Cooling time (72) + 1

Table 5 .8: Vessels input data and optimal Berthing Plan

 5 

	1 Contractual loading time = Tonnage / Contractual loading rate (2.000t/h)
	2 Despatch rate = Demurrage rate / 2
	3 Advance -Delay = Date of arrival + Contractual loading time -Loading end-date -1

Table 5 .9: EEOs and optimal Loading Plan

 5 

	1 Production lines 1A to 1D are linked to the group 1 of hangars -Production lines 2A to 2C are linked to the group 2 of
	hangars -Production lines of ODIs are linked to the group 3 of hangars
	2 Effective date of availability = Production end-date + Cooling time (72) -1

Table 5 .10: Events of sending and removing batches and optimal Storage Plan

 5 Table 5.10 gives the information related to each event and the optimal Storage Plan generated by the Hangar model, namely the SU of POs and EEOs, in a computation time of 573.2s.

	Vessel #	Number of batches	Date of arrival	Length (m)	Draft (m)	Tonnage (t)	Contractual loading time 1	Demurrage rate 2	Berthing date	Berthing position	Loading time	Loading end-date	Advance -Delay 3
	1	2		1	135	12.2	11.000	6	0	1	1	6	6	0
	2	2		1	115	11.3	4.400	3	0	1	6	4	4	-1
	…	…		…	…	…	…	…	…	…	…	…	…	…
	11	2		226	140	11	11.630	6	109	226	7	7	232	-1
	12	2		239	150	12.3	3.300	2	54	239	7	2	240	0
	…	…		…	…	…	…	…	…	…	…	…	…	…
	20	5		451	230	14.3	45.000	23	92	451	10	15	465	8
	21	1		503	105	10	3.150	2	74	503	2	2	504	0
	…	…		…	…	…	…	…	…	…	…	…	…	…
	27	4		610	180	13.4	27.500	14	71	610	1	16	625	-2
	28	2		625	140	12.8	11.025	6	94	625	2	7	631	-1
	Vessel #	Batch # to load (EEO)	Fertilizer #	Weight (t)	Group of hangars 1	Effective date of availability 2	Batch loading start-date	Batch loading time	Batch loading end-date
	1			1 2	F1 F1	9.000 2.000	2 2	1 1		1 6	5 1		5 6
	2			3 4	F2 F3	2.200 2.200	2 2	1 1		1 3	2 2		2 4
	…		…	…	…	…	…		…	…		…
	11		33 34	F3 F16	6.930 4.700	2 3	202 1		226 230	4 3		229 232
	12		35 36	F8 F3	1.650 1.650	2 2	215 216		239 240	1 1		239 240
	…		…	…	…	…	…		…	…		…
				56	F10	9.000	1	1		451	3		453
				57	F10	9.000	1	160		454	3		456
	20		58	F10	9.000	1	427		457	3		459
				59	F10	9.000	2	338		460	3		462
				60	F10	9.000	2	263		463	3		465
	21		61	F1	3.150	1	479		503	2		504
	…		…	…	…	…	…		…	…		…
				76	F6	9.000	2	586		610	5		614
	27		77 78	F6 F6	9.000 9.000	2 2	511 436		615 620	5 5		619 624
				79	F6	500	2	361		625	1		625
	28		80 81	F14 F14	9.000 2.025	2 2	601 526		625 630	5 2		629 631

Table A .2: Predicates

 A 

		The intermediary variables are defined as follows:
	P lij = j l i y ∈ ∈ ∑ ∑ L E	∑	p ∈ P	P ljp	lijp p x ⋅	,	2 E ∀ ∈ j
	lp w	2 = a , P P lij ljp lij j lijp j p p p p x p τ ′ ′ ⋅ ′ ′ ∈ ∈ ∧ ≤ ≤ + ∀ ∈ ∀ ∈ , l ∑ ∑ i ∈ ∑ E E P	′
						Predicate	Notation
					i j ≠ ∧	β	li	1 β = ∧	lj	1 =	P lij
						L lj	p ≤ ≤	U	lj	P ljp
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This chapter was published as a paper in the European Journal of Operational Research: https://doi.org/10.1016/j.ejor.2020.12.056. To facilitate the lecture of this thesis and the cross-referencing between its different chapters, section numbers of the paper are adapted.
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world12 NationMaster data base: https://www.nationmaster.com/nmx/sector/fertilizer

besoin des navires vraquiers et le la nature des produits en vrac à charger ou décharger (convoyeurs pour vrac solide et pipelines pour vrac liquide).Afin de valider notre modèle des ports vraquiers, nous avons mené des tests sur une étude de cas basée sur le port de Jorf Lasfar opéré par le Groupe OCP, leader mondial sur le marché de phosphates et de ses dérivés. Ce dernier ambitionne de doubler ses capacités d'extraction et de production du phosphate et de tripler sa capacité de transformation chimique. En conséquence, la complexité actuelle de la planification du déchargement des matières premières et du chargement des produits finis devrait s'accroitre rapidement. Dans cette perspective, une grande pression est exercée sur les ports de l'OCP pour adapter leurs capacités et fournir des services performants. Les résultats ont montré que notre modèle est capable de résoudre à l'optimal des instances de taille réelle pouvant atteindre 60 navires, 10 postes à quai et 9 hangars de stockage pour un horizon de planification de 4 semaines dans un temps de calcul raisonnable en utilisant le solveur Xpress. Nous précisons que même si le modèle des ports vraquiers est basé sur le cas du port de Jorf Lasfar, il pourrait être appliqué à d'autres ports vraquiers doté d'un système de convoyage. En effet, nous avons modélisé les contraintes d'acheminement des marchandises par convoyeur entre les hangars de stockage et les postes à quai sans avoir à expliciter les différents chemins possibles. Ceci permet d'appliquer le modèle sur d'autres ports vraquiers en jouant seulement sur les jeux de données. De plus, la modélisation proposée permet de faciliter la maintenance du modèle en cas de changements d'infrastructure. Enfin, nous avons développé un système d'aide à la décision (SAD) pour intégrer les différents problèmes portuaires d'allocation et d'ordonnancement tout en tenant compte des contraintes de l'amont de la supply chain dans le site de Jorf Lasfar, considéré comme le plus grand complexe au monde de valorisation du phosphate et de production de fertilisant. En effet les solutions optimales proposées par le modèle des ports vraquiers peuvent ne pas être réalisables à cause de la non-disponibilité des marchandises à charger dans les navires car en pratique, il y a une forte interaction entre le chargement des navires et la production. D'où l'idée d'un SAD intégré encapsulant un modèle existant de l'ordonnancement des lignes de production des engrais, le modèle de l'allocation des planches et des postes à quai soumis aux contraintes de convoyage dans les ports vraquiers et un nouveau modèle pour l'allocation des espaces de stockage (Storage Space Allocation Problem). Le périmètre du SAD s'étend ainsi depuis les lignes de production jusqu'aux postes à quai en passant par les hangars de stockage. La prise en compte du périmètre global de toutes ces opérations de planification au sein d'un problème d'optimisation monolithique serait très difficile, voire impossible à résoudre. De plus la grande variété des produits à stocker rend le problème étudié encore plus

cadre d'une démarche locale de planification, ce qui permet d'améliorer la flexibilité, l'efficacité et la rentabilité du système étudié et de promouvoir la synergie entre ses différentes composantes. Or, pour réussir cette intégration, il faut impliquer les différents services concernés pour faciliter la centralisation et la normalisation des données, éléments essentiels dans tout système intégré de gestion.Une première perspective de recherche qui nous semble judicieuse est de considérer la consommation du carburant et les émissions polluantes comme des coûts engendrés par le port et les navires pour relever les défis du réchauffement climatique et la forte dépendance des combustibles fossiles. Une autre direction de recherche possible concerne la mise en évidence de l'influence de certains paramètres clés de nos modèles sur la qualité des solutions produites, à savoir le nombre de stocks par hangar et leur capacité.En dernier lieu, vu que le domaine du transport maritime est difficile à prévoir et plusieurs perturbations peuvent se produire, nous avons l'intention de tester la réactivité de nos modèles selon une approche d'horizon glissant pour voir à quel point nos modèles sont capables de mettre à jour rapidement les plans de départ en cas d'événements imprévus.
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Problem (BACAP) considers the BAP and the QCAP together. In the BACAP, all quay cranes have the same characteristics; hence the solution is expressed as a number of quay cranes assigned to a vessel without identifying which individual crane serves which vessel. An extension is the integrated Berth Allocation and Specific Quay Crane Assignment Problem (BACASP) where a set of specific cranes is assigned to each vessel.

Similarly, there is a strong interaction between the LAP and the BACA(S)P as well.

On the one hand, the contracted laycan for a vessel has to be respected while assigning berths and quay cranes in order to avoid penalties. On the other hand, attending vessels within the agreed time limits at a port depends essentially on the efficient use of the available port resources such as quay space and cranes. An integrated approach to solve these problems is hence relevant and motivates this study. To the best of our knowledge, this is the first study to propose an integrated approach for the modeling and resolution of these problems.

In this paper, we propose two integrated solutions: for i) the integrated Laycan and Berth Allocation and Quay Crane Assignment Problem (LBACAP), and ii) the integrated Laycan and Berth Allocation and Specific Quay Crane Assignment Problem (LBACASP).

These two combined problems illustrated in Figure 3.2 aim to find an efficient schedule for berthing chartered vessels and new vessels to charter with an efficient quay crane assignment and to support terminal managers in the negotiation process with shipping lines. First of all, the idea of integrating tactical and operational level problems is new in the port management literature. The proposed models are on a tactical planning horizon. A modular decision time-interval is proposed inside this planning horizon to easily manage the integration without placing a border between the operational (BACA(S)P) and tactical (LAP) problems. In this paper, we study the integrated Laycan and Berth Allocation Problem (LBAP) in the context of bulk ports, which considers two problems in an integrated way: the tactical Laycan Allocation Problem and the dynamic hybrid case of the operational Berth Allocation Problem.

To make the LBAP closer to reality, we consider tidal bulk ports with conveyor routing constraints between storage hangars and berthing positions, preventive maintenance activities, multiple quays with different water depths and fixed heterogeneous bulk-handling cranes, navigation channel restrictions, vessels with multiple cargo types, charter party clauses and non-working periods. The aim of the proposed integer programming model is to define an efficient schedule for berthing chartered vessels and optimal laycans to new vessels to charter.

The model is formulated with predicates that guarantee maximum flexibility in the implementation and greatly improve the computational performance. Finally, the model is tested and validated through a relevant case study inspired by the operations of OCP Group at the bulk port of Jorf Lasfar in Morocco. The results show that the model can be used to solve to optimality instances with up to 60 vessels for a 4-week planning horizon in very reasonable computational time using commercial software.

maintenance activity as a dummy vessel which must be handled at a precise time by a specific berthing position, which means that this berthing position cannot receive vessels during that time. They then develop an adaptive large neighborhood search heuristic that finds good solutions within low computational times on all instances. [START_REF] Ernst | Mathematical models for the berth allocation problem in dry bulk terminals[END_REF] solve the continuous BAP with tidal constraints that limit the departure of fully loaded vessels from dry bulk terminals using a commercial solver. The authors propose two new mixed-integer linear programming models, and then they provide several valid inequalities for both models, which improve both their solution quality and run time. Most authors consider dynamic vessel arrivals, while Tang et al. (2016) consider static vessel arrivals. The authors implement a multi-phase particle swarm optimization algorithm to minimize the total service time of vessels or their makespan.

Since the operational problems observed in port terminals are often interrelated, some authors study the BAP using an integrated approach. Indeed, [START_REF] Robenek | A branch-and-price algorithm to solve the integrated berth allocation and yard assignment problem in bulk ports[END_REF] 

where:

is the set of already berthed vessels.

is the set of chartered vessels.

is the set of new vessels to charter. 

G

Maximum number of vessels allowed to pass simultaneously through the navigation channel.

Time decision restriction

K t Boolean parameter that equals 1 if a decision of berthing vessels can be taken during time period t, 0 otherwise.

Tide cycle O t

Boolean parameter that equals 1 if time period t is within a high tide cycle, 0 otherwise.

Berthing positions

Length of berthing position p.

Generation of test instances

Test instances are based on a sample of data obtained from OCP group, a world leader in the phosphate industry, which operates six quays in the bulk port of Jorf Lasfar in Morocco, recognized as the largest bulk port in Africa. We focus on the first two quays that are dedicated to the export of phosphate rock and fertilizers. The data provides information about all the vessels that were berthed during the first half of 2016, such as the arrival time, the berthing time and position, the cargo type and tonnage, and the handling time of vessels.

Given the limited access to real bulk port data, test instances are designed to have the same characteristics as the sample of data obtained from OCP group, to test and validate the effectiveness of the proposed model.

Three sets are designed for

{ }

V 20, 40, 60 = . Each set is composed of 15 instances.

Hence, we have 45 instances in total. Every 5 instances in a set represent a level of congestion (congested, mildly congested, and uncongested), which is determined by the interarrival time of vessels. Indeed, for the same number vessels, the level of congestion in the port increases as the interarrival time of vessels decreases and then the problem becomes harder to solve.

For all instances:

• We assume a 4-week planning horizon discretized into 1-hour intervals, hence T=672.

We vary the decision time interval inside this planning horizon to handle short term and medium-term decisions as explained in Section 4.4.3. For the short-term planning (e.g. during the first week in our instances) the accuracy of the planning is set to every hour. The decision time interval is set to four, eight and twelve hours for weeks two, three and four, respectively. Characteristics related to time periods (decision timeintervals, high-tide cycles and non-working periods) can be found in Time.xlsx.

• We consider a navigation channel in which the maximum number of vessels allowed to pass simultaneously is limited to three vessels. We also consider two quays with hybrid berth layout, partitioned into five berthing positions each. Table 4.4 gives respectively for each berthing position the length (m), the minimum water depth (m), the productivity (t/h), the incompatibilities and the number of maintenance activities with the duration (h), the earliest and latest time (h) to perform each one.

manner: The first one is considering the whole perimeter of these scheduling operations within a monolithic optimization problem. The advantage is that no further coordination is necessary among echelons since all decisions will be taken at a time. This is also referred to as Deep Integration [START_REF] Geoffrion | Structured Modeling: Survey and Future Research Directions[END_REF]. However, the resulting optimization model is often too complex to be solvable in a reasonable time, which makes this approach impractical for most industrial applications. The second approach is modeling the problem at each echelon separately and assuring coordination among them. The advantage is that the modeling of each sub-problem is entrusted to specialized experts in their domain, which ensures the integration of all real operational constraints in the model. Furthermore, the complexity of the problem stays affordable for each sub-problem. In industries, focusing on sub-problems by functional entities is a widespread practice. Unfortunately, this organization leads to local visions of performance, and potential shift of costs from one functional entity to another along the chain [START_REF] Solis | Supply chain integration and coordination[END_REF], unless the decisions taken at each sub-problem of the functional units are aligned. This corresponds to the horizontal alignment of the SC [START_REF] Kathuria | Organizational alignment and performance: Past, present and future[END_REF].

In this paper, we propose to use the second approach for two reasons; first of all, in our case each sub-problem has its specific constraints, and multiple interrelations exist between them, including conveyor routing restrictions, which add a high level of complexity.

Considering the whole perimeter of these scheduling operations within a monolithic optimization problem is too complex to be solvable. Secondly, specialized optimization tools already exist for upstream (production planning of fertilizers) and downstream (port operations) functional units in our industrial context, but these models are not currently aligned. The storage spaces are natural decoupling points in SCs. We, hence, propose to align the upstream and downstream decisions at the storage unit. Therefore, we propose a Decision Support System (DSS) to find a feasible Storage Plan compatible with the optimal solutions of production and berth scheduling decisions. This DSS encapsulates three models: a mixedinteger linear programming (MILP) model to schedule fertilizer production lines proposed by [START_REF] Azzamouri | DSS approach for heterogeneous parallel machines scheduling considering proximate supply chain constraints[END_REF], the integer linear programming model to schedule berthing positions presented in Chapter 4, and a new integer linear programming model for allocating storage spaces presented in Section 5.4. We note that our proposal corresponds to a functional integration that defines a sequence for solving subproblems and data exchanges between the base-level and top-level problems [START_REF] Geoffrion | Structured Modeling: Survey and Future Research Directions[END_REF]. It can be done either by a feedback loop or a preprocessing: In feedback loop, the top-level problem instructs the base-level problem, then the latter's reaction is used in the top-level to revise instructions. Once a steady-state is reached, the loop terminates. In preprocessing, the base-level problem is solved first to [START_REF] Ago | Simultaneous Optimization of Storage Allocation and Routing Problems for Belt-conveyor Transportation[END_REF] study the allocation of storage yards to the unloaded raw materials from vessels considering storage capacity constraints, jointly with the transportation routing of raw materials using belt conveyors starting from the quay to storage yards, ending with steel production plants. The belt conveyor can transport only one type of raw materials at once, which adds complexity to the integrated problem. The aim is to achieve a production that is flexible to changes in demand and thus improve the production rate. Therefore, the authors propose a MILP model for the simultaneous storage allocation and routing problem.

Regarding the solution methodology, they propose a Lagrangian decomposition and coordination method to decompose the integrated problem into two subproblems. The authors also investigate the effectiveness of the proposed method by comparing its performance with a hierarchical planning method. They demonstrate that the proposed method can derive better solutions without significantly increasing the total computation time. They consider a wide variety of specialized equipment depending on the vessel requirements and cargo types (e.g., conveyors for dry bulk, pipelines for liquid bulk). They also consider storage location restrictions that forbid two or more cargo types to be stored in adjacent yard locations to avoid intermixing. However, the authors consider only vessels that have a single cargo type, which limits the problem. Indeed, a vessel can carry more than one cargo type, and each one of them can be stored in a different storage yard. Similarly, Tang et al. (2016) address the integrated berth scheduling and storage space allocation problem in the context of bulk raw material ports of large iron and steel companies. The authors propose a MILP model that aims to achieve high space utilization with low material loss and transportation costs. formulate the problem as a MILP and propose a heuristic method to solve large scale data sets. They limit the problem to the material flow from the production plant to storage hangars, and thus they do not consider retrieval operations.

The papers cited above are summarized in Table 5.1, in which information about the consideration of feeding/removing operations and conveyor routing constraints, the diversity of goods, the cover of SC echelons and the integration approach are presented.

Case study and managerial insights

In this section, we present a case study and report its computational results, then we outline the managerial implications of the proposed integrated planning approach. The formulations of the three models are written on Mosel and implemented in Xpress IVE Version 1.25.06, with 64 bits. The models are run on a computer with an Intel® Core™ i7-8665U CPU of 1.90

GHz 2.11 GHz processing speed and 16 GB of memory using the Xpress Optimizer Version 37.01.01 with the default options.

Case study

The case study is based on a sample of data obtained from OCP group. It provides information about vessels loaded with fertilizers in the bulk port of Jorf Lasfar during the first half of 2016. The used inventory positions are consistent with a "lean" functioning of the SC's links (production, storage, and expedition) in a steady-state. We consider a 4-week planning horizon discretized in hourly periods and 28 vessels. Table 5.3 gives the equivalent period of each hour in the planning horizon, and Table 5.4 gives the weights of EEOS of each EO 13 .

The order book considered in the Production model includes only the production orders of the OCP Jorf Lasfar fertilizer plant. The same approach is applied to the production orders of ODIs. 

Conclusions and perspectives

In this chapter, we conclude this thesis, emphasizing our contributions. Then, we discuss some future research directions, which could further improve the proposed models.

Conclusions

The Berth Allocation Problem is one of the most critical seaside operations in ports. The objective of this thesis is the design of new models to help decision-makers in ports better perform tactical and operational seaside and yard side planning operations and thus improve the efficiency and effectiveness of the port resources mobilized during these operations. To this end, we study different variants of the BAP, in an integrated approach, in the context of container and bulk terminals, considering real-world constraints.

In Chapter 3, we integrate berth allocation with laycan and quay crane assignment problems incorporating charter party clauses in port decision problems (demurrage, despatch, laytime) and considering several real-world constraints rarely studied together, such as the multiplicity of quays, the variation of water depth, navigation channel restrictions related to tides, the productivity of quay cranes and their maximum outreach, and non-working periods.

The objective of this integrated problem is to find efficient schedules for berthing already chartered vessels and new vessels to charter with efficient quay crane assignments, improving port resource utilization and helping stakeholders in the negotiation process upon the signature of the charter party.

In Chapter 4, we focus mainly on bulk ports. We integrate berth and laycan allocation problems considering specific constraints related to bulk ports, mainly conveyor routing constraints between storage hangars and berthing positions and the multiplicity of cargo types on the same vessel, in addition to the common characteristics and constraints of ports considered in Chapter 3. Quay crane assignment decisions are not addressed in the case of bulk ports since each berthing position has a fixed ship loader.

In Chapter 5, we integrate the operations of three successive echelons of a fertilizer supply chain under a DSS logic, namely production, storage, and vessel loading. For the production echelon, a production scheduling model was proposed by [START_REF] Azzamouri | DSS approach for heterogeneous parallel machines scheduling considering proximate supply chain constraints[END_REF] to find the optimal scheduling of production orders considering the constraints related to the quantities and delivery time windows of production orders and the heterogeneity and specialization of production lines. However, this model is limited since it does not consider downstream constraints related to storage, which can cause high levels of overstocking. For the vessel loading echelon, we considered the Integrated Laycan and Berth Allocation Problem in the context of bulk ports presented in Chapter 4. This model is also limited since it does not consider upstream constraints related to the availability of cargoes to be loaded on vessels, which can cause high delays and thus the payment of high penalties. Consequently, we develop a new model for the storage echelon to find a feasible storage plan compatible with the solutions of both the production and port models. This model assigns storage spaces to inbound and outbound products considering conveyor routing constraints between production lines, storage hangars, and berthing positions. These three models are encapsulated in a DSS to capture the strong interrelations existing between the different supply chain echelons and align production and storage decisions with vessel demands, thus ensuring consistency in decision-making. The benefits of this alignment can be huge and can help achieve higher levels of vessel demands satisfaction at a lower total cost.

All the models cited above can solve optimally realistic instances of the studied problems in short computation times using commercial solvers.

Some of the main scientific and managerial contributions of this thesis are summarized below:

Scientific contributions

We make use of predicates in the proposed mathematical formulations to define the feasibility zone of decision variables, which permits reducing the number of variables and constraints, and thus improving the computational performance of the designed models. Consequently, problems of practical sizes can be solved in a reasonable time using commercial solvers.

We model spatiotemporal constraints related to quay occupancy by disjunctive constraints using binary variables. In addition, we model non-working days, where cargo operations must be stopped in the port, by the definition of a second-time scale that keeps track of non-working days and accounts for them in advancing time. The proposed modeling is general and thus can be applied to any type of unavailability period.

We propose a new approach to easily manage the integration between decision problems with different decision levels (tactical and operational) seamlessly. This approach is to modulate the decision time-interval throughout the planning horizon. It has the advantage of reducing the number of variables without modifying the time unit of parameters. In addition, it is used under a rolling horizon planning to update the decisions weekly or at each change in the input data of the problems. Thanks to this approach, we integrate smoothly the problems, where the number or group of cranes can be changed in each period, while limiting the number of crane movements, and then, compare the results and limits of both versions.

In Chapter 3 and Chapter 4, we conduct several tests to assess the impact of several parameters related to ports and vessels (e.g., the number of quays and vessels, the discretization unit of quays, etc.) on the computation time of our models. It would also be interesting to study the impact of charter party clauses (mainly despatch and demurrage) and port's characteristics on the port's financial results. This will furthermore bring light to the port's managerial decisions and future investments (e.g., adding a new berth or quay crane, extending a quay, etc.). Furthermore, instead of considering the laytime as an input parameter in our models, it would be interesting to see how it can be transformed into a resulting decision, as in the case of the laycan clause. This would help decision-makers even more during the negotiation process upon the signature of the charter party.

In Chapter 5, we fix the capacity of stock units at 9 000t. So, it would be interesting to test other values and see the impact of this parameter on the resulting storage plans. Another perspective is to investigate the impact of the number of hangars and handling equipment per hangar. We note that we did not consider production exchanges between OCP and ODIs.

Consequently, it would be interesting to study how much these exchanges can improve vessel loading operations and impact financial results.

Long-term perspectives

Many of the input parameters considered in our models as deterministic are stochastic in nature (e.g., vessel expected arrival time, vessel handling time, quay crane productivity, etc.).

Therefore, it would be interesting to investigate how we can incorporate stochastic parameters in the modeling of the studied problems to improve the robustness of the solutions when faced with uncertainty and unexpected contingencies, like bad weather or machine downtimes.

Furthermore, this stochastic approach could be compared with the rolling horizon approach proposed for our deterministic models.

In the light of the various challenges of climate change, it is very important to carry out port operations in an environmentally sustainable way. So, another perspective would be to find new ways of greening the BAP making it environmentally friendly, as several researchers have been doing recently by considering fuel consumption and emissions during vessels' sailing and berthing. The final goal is to establish a trade-off between the operating costs of ports and environmental objectives. In addition, since stakeholders have conflicting objectives, a coordination strategy could be researched and developed for them to combine the various efforts at ensuring environmental sustainability.

Finally, we note that the work presented in Chapter 5 is a proof of concept and a preliminary step towards developing a DSS for an integrated supply chain. To make this integration a success, all concerned actors must be involved, and all information needed by the algorithms implemented in the DSS must be centralized.

Appendix A Appendi x A:

Adapted Production Scheduling model

The production scheduling model proposed in [START_REF] Azzamouri | DSS approach for heterogeneous parallel machines scheduling considering proximate supply chain constraints[END_REF] is adapted by introducing constraints (A3-A5). 

, where:

is the set of the L first orders that are in progress at the beginning of the scheduling;

is the set of the (O L)

new orders and L fictitious orders. The latter are added, one per line, to be the last scheduled order on each line (they correspond to the fictitious tasks in the classic MILP formulation of project scheduling problems).

i, j

Index of scheduled orders on a given line, order i being directly followed by order j. Processing time of order j produced on line l after order i, calculated as the quotient of the quantity required by order j by the production rate of that fertilizer on line l.

θ lij Total processing time of order j produced on line l after order i; calculated as the sum of the setup time, involved by a change of fertilizer reference produced on line l, and of the processing time.

L lj Lower boundary of the last period of production for order j.