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The current paper presents an upgrade of a pre-installed hydraulic system for the operation of a pallet handling robot for a freight delivery vehicle known as FURBOT (freight urban robotic vehicle) . The automated forklift installed on FURBOT for loading/unloading of cargo is powered with the help of hydraulics. The previous hydraulic system worked via a classical approach with a fixed displacement pump and a bypass valve, making it work on full power when in use. An alternative design was proposed, simulated and installed on FURBOT; it uses a fixed displacement pump and changes the rotation speed in real time using a pressure sensor. Novelty was attained with the use of gear pumps for said scenario. A control algorithm is implemented in the processing unit for controlling the speed of the motor driving the pump. The main advantage of this approach is better use of energy for the vehicle's battery. The aim of this research is to control both the speed and maximum force exerted by the actuators with the help of a single sensor and an inexpensive pump.
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Abstract

In the mobile robots community, particular interest in research in autonomous vehicles has been carried out extensively since the last decade. However, the role of mobile robots capable of delivering freight for the last-mile delivery solution is still under study. Freight Urban Robotic vehicle; FURBOT is one such vehicle that is being developed continuously for the last-mile delivery solution. The difference in this vehicle is the capability to load the freight into itself without physical human intervention. Currently, the vehicle is a complete drive-by-wire vehicle, and studies are being conducted to introduce autonomous capabilities in the vehicle. This thesis is an attempt forward in that direction. Three different aspects of the vehicle, which include; autonomous navigation, autonomous freight handling capabilities, and technical management associated with this upgrading, are studied in this thesis. A mathematical model for the vehicle was built for autonomous navigation, which did not exist beforehand for the vehicle. After developing the model, obstacle avoidance techniques were created, and the controller was verified for the proposed methods. The highlight of the thesis involves enhancing the capabilities of an already built freight handling structure. This involves upgrading the pre-existing pallet handling robot, parking pose generation for autonomous freight handling and the design of the approach to the specific parking pose. To complete the vehicle's journey from a drive-by-wire to an autonomous vehicle, in-depth analysis is performed, incorporating studies for the vehicle's amalgamation in the urban environment. Additionally, handover strategies are also studied in case of the vehicle fails during its autonomous drive. The outcome of this research produced multiple enhancements for the vehicle, including independent parking pose generation, correct categorization of the vehicle, software and hardware requirements, conservation of energy in pallet handling robot, and designing digital twin for the vehicle. Extensive simulation-based validations are carried out for the proposed research, which produced desirable results for the vehicle and thus has created a baseline for the way forward for converting the vehicle into a complete autonomous one.

Résumé

Dans la communauté des robots mobiles, la recherche sur les véhicules autonomes fait l'objet d'un intérêt particulier depuis la dernière décennie. Cependant, le rôle des robots mobiles capables de livrer des marchandises comme solution de livraison sur le dernier kilomètre est toujours à l'étude. Le véhicule robotique urbain de transport de marchandises (FURBOT) est l'un de ces véhicules qui est développé en permanence pour résoudre le problème de livraison du dernier kilomètre. La spécificité de ce véhicule est la capacité de charger des marchandises dans le véhicule sans intervention humaine physique. Actuellement, ce véhicule est un véhicule piloté électroniquement et des études sont menées pour introduire des capacités autonomes dans le véhicule. Cette thèse est une tentative dans cette direction. Trois aspects différents du véhicule, à savoir la navigation autonome, les capacités de manutention autonome des marchandises et la gestion technique associée à cette mise à niveau, sont étudiés dans cette thèse. Pour la navigation autonome, un modèle mathématique du véhicule a été construit, ce qui n'existait pas auparavant pour le véhicule. Après le développement du modèle, des techniques d'évitement d'obstacles ont été développées et le contrôleur a été vérifié pour les techniques proposées. Le point fort de la thèse concerne l'amélioration des capacités de la structure de manutention de marchandises déjà construite. Cela implique l'amélioration du robot de manutention de palettes préexistant, la génération d'une position de stationnement pour la manutention autonome de marchandises et la conception de la trajectoire d'approche de la position de stationnement spécifique. Pour achever le passage d'un véhicule à conduite par câble à un véhicule autonome, une analyse approfondie est effectuée qui comprend des études pour l'intégration du véhicule dans l'environnement urbain. En outre, des stratégies de transfert sont également étudiées en cas de défaillance du véhicule pendant sa conduite autonome. Le résultat de cette recherche a permis d'apporter de nombreuses améliorations au véhicule, notamment la génération d'une position de stationnement autonome, la catégorisation correcte du véhicule, les exigences logicielles et matérielles du véhicule, la conservation de l'énergie dans le robot de manutention de palettes et la conception d'un jumeau numérique pour le véhicule. Des validations basées sur des simulations extensives ont été effectuées pour la recherche proposée ont produit des résultats souhaitables pour le véhicule et ont ainsi créé une base pour la voie à suivre afin de convertir le véhicule en un véhicule complètement autonome.

Mots-Clés: véhicules autonomes; manutention de marchandises; navigation autonome; logistique; gestion des politiques; contrôle; évitement d'obstacles; stratégies de transfert Chapter 1

Introduction and Synthesis 1.1 Background and brief history

Invent of delivering mail and couriers services date back to Persian Empire back in 6th Century [1]. Afterward, many civilized nations further developed postal services where the distance of the countries exceeded one day's travel time. Later, in the eightieth Century, railroads put wheels on personalized parcel delivery with the help of locomotives. Afterward, in the early nineteenth Century, parcel post services began, which enabled postal consumers with package delivery services and regular mail. With the advent of petroleum and dieselbased auto motives, and the improvement of the highway system after World War II, the use of vehicles in delivering freight packages increased considerably. In the current era, with the invention of online stores and retailers in early 2010, the burden on freight delivery is at its peak. Recently, according to studies carried out in 2019 (Pre-Corona Virus outburst), on average, 3,248 parcels were shipped every second in the world's thirteen major markets, equating to an average of 27 packages shipped per person per annum [2]. Additionally, the impact of fuel-based vehicles on the environment is causing users and researchers to search for alternative parcel delivery methods.

With such a high number of personalized freight shipments, the need to create more robust, automated, and environmentally friendly solutions is the need of the day. This is additionally important, especially for last-mile freight delivery to the users. Because optimizing solutions in the last mile freight delivery can yield significant economic incentives as last-mile delivery is considered the most expensive leg in the logistics/freight delivery supply chain [3]. For personalized last-mile delivery of packages, researchers are working tirelessly to develop autonomous delivery solutions. Currently, Amazon Lockers is placed all across Europe, and the globe provides some answers for last-mile freight delivery. US-based Amazon and China-based Alibaba have also used drones to minimize costs for this leg of parcel delivery to complement this service. However, this billion-dollar freight delivery industry still needs many additional solutions for its expansion and reducing its costs so that an average user can utilize the benefits of efficient last-mile delivery solutions in a more automated, user-friendly, and environmentally friendly manner.

Currently, several freight delivery options are available within an urban setting for last-mile delivery, which includes advance delivery locations (reception boxes (parcel boxes), delivery boxes, controlled axes points, collection points, and locker banks) and advanced delivery vehicles (electric delivery vehicles, electric cargo bicycles, and autonomous driving vehicles) [4]. Still, any single solution is not enough for intelligent last-mile delivery because of its advantages and disadvantages. Bringing autonomous vehicles on the road is not a new con-cept for delivering freight to the public. Recently, JD.com used robot delivery services in universities of China for personalized freight delivery [5]. Soon, it is envisioned that we will see automated vehicles delivering our freight/parcels autonomously at our doorstep/point of interest.

Freight Urban RoBOTic vehicle (FURBOT) is an urbanized solution for autonomous lastmile freight delivery in an urban setting. Its unique design of capturing the advantages of autonomous vehicles (AVs) with delivery boxes adds personal delivery. Furthermore, its design is also capable of delivering large parcels suitable for storefronts. Its multiple loading bays helps in integrating different solutions of last-mile delivery simultaneously [6]. Currently, it is a complete drive-by-wire vehicle that is being upgraded to an autonomous vehicle. This research revolves around various aspects of FURBOT and its transition/upgrade from a drive-by-wire to an autonomous vehicle capable of delivering freight autonomously within an urban setting.

Motivation

After the invention of Lidar technology, the development of autonomous vehicles is on the rise, and autonomous vehicles are now sweeping the market [7]. However, autonomous vehicles are still focused on passenger vehicles, and there is not much evidence of using autonomous vehicles for freight carriage. Currently, constant progress is being made to integrate autonomous vehicles or personalized robots for delivering freight within urban settings. However, literature shows that there is still a wide gap in integrating autonomous vehicles for delivering freight.

FURBOT is a unique robot/vehicle that can enable the community to use autonomous vehicles to deliver freight, especially for last-mile delivery. Its unique design of handling two specially designed palletized freight units using forklifts is a design of its own. The design of FURBOT helps in not only delivering pallets as an autonomous vehicle but also due to the presence of multiple forklifts. It has the capability of loading and unloading its cargo autonomously without human intervention. The unique features of FURBOT, its capacity to drive on urban roads, load/unload cargo without human intervention, and handling large pallet size cargo for mass delivery, create commercial interest for a wide range of customers.

FURBOT is currently designed as a complete drive-by-wire vehicle, and now it is time to put the vehicle to the test in an urban environment delivering freight autonomously. The vehicle was part of the European Green Vehicles Initiative (EGVI) funded under the umbrella of the FP7-Transport European project ending in December 2015 [6]. It was completed as a complete drive-by-wire vehicle and conceptually designed to be converted to an autonomous vehicle. Recently, FURBOT has taken part in SHOW (SHared automation Operating models for Worldwide adoption) project where 69 partners from all across the EU will take part in the adaptation of autonomous vehicles in 20 cities across Europe where autonomous vehicles will demonstrate their autonomy for 24 months (https://show-project.eu/). For this purpose, the vehicle has to be converted from a conventional drive-by-wire vehicle to an autonomous vehicle. This change in design and requirements pose new challenges for the vehicle, and thus many unique aspects of the vehicle have to be looked into for its conversion.

Since FURBOT is expected to perform autonomously in an urban setting, this upgrading has raised issues that need to be resolved/addressed for the vehicle to achieve a higher level of autonomy. There are two main aspects which are of primary concern. One is the technical aspect of the vehicle that includes the simulation development, including the modeling of the vehicle. It's an approach to the freight and handling of obstacles during its maneuvers in urban settings. The second is the managerial aspect, which includes resolution of its legislative issues, the vehicle requirements identification, and handover strategies to the driver/human in case of vehicle components failure.

Thus the motivation behind this research is the answer to the following question: How to convert a drive-by-wire freight delivery capable vehicle into an autonomous vehicle while resolving it is a multidimensional managerial, legislative, simulation, and technology-based issues.

Problem definition and scope

As discussed in the motivation of our work, this thesis attempts to resolve several problems/issues related to the automation of our vehicle. These issues range from simulation-based issues involving the development of the digital twin of the vehicle and managerial/technical issues, including upgrading requirement assessments/partial upgrading of the vehicle plus development of handover strategies to the operator in case of failure of an autonomous system. The topics investigated in this thesis are discussed in the form of bullets below:

• For simulation related issues:

-Development of a mathematical model for the vehicle for creating the base for the digital twin of the vehicle.

-Creating control-based strategies for obstacle avoidance for the digital twin to navigate the urban area autonomously.

-Development of techniques for approaching the freight autonomously for loading the freight into the respective loading bays.

-Creating correct parking pose for autonomous freight collection when correct pose of freight is available through sensors.

• For managerial/technical issues:

-Upgrading the pre-installed hydraulic system for operating a pallet handling robot installed inside the vehicle for loading freight into respective loading bays.

-Categorization of the vehicle into existing European vehicle class for issuance of its license/number plates.

-Technical evaluation and examination of the requirements and sensors for the vehicle for upgrading it from a drive-by-wire vehicle into an autonomous vehicle capable of collecting and delivering freight autonomously.

-Development of handover strategies in case of failure of vehicle automation, which can lead to handing over the control of the vehicle back to the operator/driver.

In the context of freight handling robotic vehicles, the issues mentioned above/problems are looked into to develop the vehicle into an autonomous one. As this vehicle is expected to autonomously navigate in a couple of years in an urban environment, the automation of the vehicle is still going. However, in this thesis, the aforementioned issues for amalgamating the vehicle into the SHOW project are discussed, and solutions are proposed.

Assumptions for way forward in research

The flow of this thesis relies on the following assumptions for carrying out the proposed research.

• Apart from the proposed upgrading of the vehicle that is already carried out in this research (upgrading the hydraulic systems for pallet handling robot), all the developed schemes are implementable on the vehicle for amalgamation of the vehicle for automation in an urban environment.

• The installed software of the vehicle can be customized with the help of proposed solutions in this research.

• It is possible to customize the complete vehicle with new hardware as it is an in-built vehicle; moreover, it is possible to install new sensors on the vehicle to develop new strategies for autonomous navigation and freight collection.

• The vehicle is designed for an operator on board; however, the installed hardware can be operated virtually (through autopilot) or through a virtual operator driving the vehicle placed away from the vehicle in a control tower (if necessary).

• The vehicle can handle freight in both loading bays/compartments of the vehicle; thus, all necessary strategies need to be developed to utilize these features in an optimized way.

• The vehicle will operate like a slow-moving vehicle (max 20 km/hr speed) in an urban environment. Thus it will always operate in its designated lane. Thus, all obstacle avoidance schemes designed for urban navigation should be based on velocity control.

Research approach and methodology

The research approach for this thesis involves systematic targeting of upgrade-able components, software, and theories that can enable the shift of the FURBOT van from a drive-bywire to an autonomous vehicle. The approach taken targets different research areas where there is a scope of improvement within the vehicle. The methodology taken targets multiple aspects of the vehicle simultaneously, and periodic growth in each segment is achieved.

The vehicle is studied in-depth, especially about its automation and upgrade requirements for its amalgamation in the SHOW project. The vehicle is set to perform autonomous navigation plus autonomous loading and unloading of the freight in an urban environment. Data collected from previous work conducted on the vehicle show that at the start of the research, the vehicle was completed as a complete drive-by-wire vehicle with customized software. Yet, no previous work was completed on the vehicle for its automation in terms of navigation and future aspects of loading/unloading of freight autonomously. However, multiple sections on semi-automation on the vehicle were carried out. Thus the niche point for the vehicle for further research produced research direction in autonomous freight-based vehicles with the vehicle's challenges that can differentiate it from already available autonomous vehicles in the market. This is mainly achieved by focusing the direction in different aspects of research in freight-based autonomous vehicles.

The methods of analysis for the research carried out varies within each chapter of the thesis. The primary technique used within all the topics addressed in this research is background study on the subject and finding the niche issue which needs to be addressed for the vehicle under discussion, primarily focusing on its utility for using the proposed techniques/methods for the automation of the vehicle. The methods used to follow the approach to resolve futuristic issues and the foreseeable vehicle applications within its operations in an urban environment.

Contributions and publications

The contributions of the research carried out in this thesis are summarized below.

• Upgrading of the pre-installed hydraulic system of pallet handling robot designed for loading and unloading of the freight.

• Simulation setup for autonomous navigation for the vehicle includes developing a mathematical model of the vehicle, control algorithm for navigation, and velocity controlled based obstacle avoidance schemes.

• Development of autonomous schemes for parking pose generation for freight collection and path generation for the approach to the pose.

• Analysis for the development of handover strategies for the vehicle in case shift of vehicle control is required from autopilot to operator.

• In-depth analysis of the assessment of requirements for bringing a freight-based drive by wire vehicle on the road as an autonomous vehicle.

Most of the chapters presented in this thesis are also published in the following list of publications. The synthesis of this thesis involves six chapters comprising of six published papers on how the work on the freight vehicle has progressed; furthermore, it also affects the seventh chapter of unpublished work, which is being done in collaboration with a Master student in Robotics department in the University of Genova. Apart from these chapters, the introduction and conclusion chapters are also presented. In total, the thesis comprises nine individual chapters.

Since the thesis comprises separately published papers, some of the text in each chapter is overlapping, especially in the introductory section of each chapter. All the papers' introductions have a common background of the vehicle and its amalgamation into the SHOW project. As all published articles are published independently, a few technical pieces of information overlap in these chapters. For example, chapter three, which focuses on mathematical modeling of the vehicle, demonstrates in-depth analysis on the building of the model; however, still, some of that information is repeated as subsections in chapters four, five, and seven because of the necessity to show part of that work within the independent paper. Also, the CAD model of the vehicle presented in chapter four is partially repeated in chapter six due to the necessity of the given work. Additionally, there is a slight discussion in each progressive paper on the previous work accomplished. Apart from that, the ideas and solutions presented in each chapter are unique and represent their unique results.

The key ideas presented in each chapter are

• Hydraulics of pallet handling robots.

• Mathematical modeling of vehicle.

• Velocity-based obstacle avoidance schemes.

• Conversion from drive-by-wire to an autonomous vehicle.

• Formulation of handover strategies for an autonomous vehicle.

• Autonomous parking pose generation for freight collection.

• Autonomous approach to freight.

• Conclusion.

This thesis and upgrading of the vehicle resulted in several collaborations. Part of those collaborations is also part of this thesis. Chapter two on hydraulics is converted into a paper from work done by a Master's student, Xavier Dauptain, during his internship at the University of Genova. Chapter six and chapter eight are done in collaboration with a Robotics Masters student at the University of Genova Srinivasan Anbarasan, which is being supervised. Partial collaboration is also done in chapter seven with Postdoc researcher David Pérez Morales working in Ecole Centrale de Nantes, especially on visualization of the approach to the proposed freight and control algorithm.

The thesis focuses on three main characteristics of vehicle; Hardware upgrading with experimental results, software developments with simulation-based results, and addressing technical, managerial issues for the vehicle. Chapter two focuses on hardware upgrading part of the vehicle (hydraulic pressure flow rate control for pallet handling robot) with experimental results. Chapters three, four, seven, and eight follow a progressive approach in the same direction of autonomous navigation and autonomous freight collection and its course by the vehicle. All four of these chapters focus on CAD modeling and development of the digital twin of the vehicle, i.e., they are based on simulation results of the schemes developed.

Chapter five focuses on upgrading the vehicle comprehensively, and chapter six focuses on the analysis of handover strategies. These two chapters mainly focus on the technical management of the vehicle.

Overall, the thesis looks at the development of the freight urban robotic vehicle comprehensively. Having prime focus on the algorithm development for autonomous navigation and freight collection and addressing technical, managerial issues that must be resolved for the vehicle to upgrade from drive-by-wire successfully to an autonomous vehicle. However, partial work is also done in upgrading hardware for the vehicle (chapter two). The theme of the thesis is thus; upgrading the drive by wire freight vehicle FURBOT to an autonomous freight handling vehicle capable of approaching and handling the freight autonomously while addressing the upgrading and autonomous challenges associated with the vehicle.

Thesis structure

Chapter one is self-explanatory and involves the introduction of the thesis in detail. Whereas chapter two focuses on the upgrading of the pre-installed hydraulic-based pallet handling system installed on the vehicle. The forklifts present on the vehicle are operated using the hydraulic system on the vehicle. The previous system operated using a fixed displacement pump and a bypass valve which was upgraded using a newly installed pressure sensor that changed its rotational speed with the help of gear pumps. This helped the vehicle conserve more energy in its battery, enabling the use of the same power in other tasks performed by the vehicle.

In chapter three, a detailed mathematical model of the vehicle is presented and simulated.

The mathematical model proposed also maintains the vehicle velocity through a PID controller. The vehicle model is simulated for a simulated hilly terrain in Genova, Italy, where the vehicle's velocity might increase or decrease due to the slope of the road it is running on. Thus the need for brakes or accelerators depending on the situation is used to maintain the overall velocity of the vehicle. Thus autonomous traction and braking for the vehicle are introduced in this chapter.

Chapter four focuses on the obstacle avoidance techniques for the vehicle using velocity control as the preferred mode of obstacle avoidance for the vehicle is by adjusting its velocity. Four different types of obstacles are presented and simulated for the vehicle to check whether the vehicle can alter its velocity if it is presented with an obstacle. These obstacles include stationary objects/pedestrians, slow-moving vehicles, traffic signals, and speed bumps. The process of simulating these obstacles and vehicle velocity control is highlighted in this chapter.

Chapter five is more on the technical management of the vehicle and highlights the points which need to be addressed for the vehicle to convert itself from a typical drive-by-wire vehicle into an autonomous vehicle. The chapter focuses on the legislative side of the vehicle necessary for it to be amalgamated into the European urban environment and technical side, which involves the requirements of the sensors, highlighting their necessities and placement for optimum use. Furthermore, it highlights the use cases of the vehicle for it to perform in an urban environment and its complete operational cycle. Moreover, the chapter focuses on the foreseeable issues, expectations from the vehicle, and its requirement for its autonomous navigation and freight handling into an urban environment.

Chapter six also focuses on the technical management of the vehicle, but in a different aspect.

In this chapter, a qualitative analysis of handover strategies in case the control of the vehicle is handed back to the operator is performed. Discussions on different techniques on handover strategies are evaluated, and the analysis performed highlights those strategies so that an optimum design can be adapted for our vehicle.

Chapter seven focuses on the autonomous calculation of parking pose for the vehicle for the autonomous freight collection. As the vehicle is equipped with two separate loading bays, estimates for separate parking poses for each loading bay for freight calculation are performed. This chapter concludes that if the freight location and orientation are calculated previously through the onboard equipped sensors, a correct parking pose can be estimated, which can result in the autonomous collection of freight. The formulation proposed is verified against different orientations and cargo locations to check whether the parking pose created is correct. The mathematical simulation results highlight that irrespective of the orientation/location of the freight, if the required information from the freight is calculated correctly, then the parking pose generated through the mathematical formulation will be correct.

Chapter eight presents the work completed on the vehicle in collaboration with a Master's students from the Robotics department in UNIGE. The work comprises of the approach to the parking pose to the freight, which can be the freight loaded inside the vehicle. In the approach to the freight, the concept of using RRT and RRT* techniques for path planning for an approach to the freight is discussed and highlighted. Furthermore, once attaining the path through the RRT and RRT* techniques, bezier curves are fitted on the course. The approach presented is also viable by a vehicle-type robot that cannot rotate on its axis. This topic discussed conclude chapter eight and technical work performed on the vehicle in this thesis.

Finally, chapter nine concludes the thesis and the work done for attaining the level of research conducted for this thesis. This chapter highlights the analysis shown, elaborates on the findings, and finishes the thesis with the conclusion.

Introduction

The idea behind the FURBOT (freight urban robotic vehicle) project was to propose a light-duty, efficient, sustainable and fully electrical freight vehicle for urban environments. The truck features a pallet handling robot and active suspension for loading/unloading operations. The main purpose of this vehicle is to deliver cargo, for which loading/unloading of cargo is of prime importance. The pallet handling robot installed in the truck not only requires automation, but also it is desired that it should be energy efficient. Furthermore, it should be optimized for performance and be safe for use.

The upgradation of FURBOT is being carried out presently, as the vehicle is required to perform at the H2020 Research and Innovation Programme, SHOW (SHared automation Operating models for Worldwide adoption). The vehicle is set to be fully functional and optimal in time to qualify for its pre-demo in October 2021 for SHOW. Apart from the work which is being carried out for its automation [1,2], the hardware upgradation of the vehicle is also very critical for its performance, especially the safe operation of its robotic forklift. Thus the need for this work was generated.

The vehicle has a control mode for loading/unloading of pallets defined as "Forkmode". The vehicle only handles the pallets when the vehicle is in this particular mode. The automated forklift of FURBOT operates with the help of hydraulics rather than electric drives. The selection of hydraulics over electric drives is due to two main reasons-one being that force density is required under limited space/mass, and secondly because other subsystems have similar requirements that hydraulics can serve. Additionally, hydraulics are economically more viable. Costs play a vital role in the design of FURBOT, as it is desired that the vehicle remains cost effective to keep it commercially attractive. Another novelty in the work is the use of gear pumps instead of axial piston pumps. Gear pumps are always driven at constant nominal speed (at the speed of highest efficiency for the component; efficiency degrades at speed lower than nominal non-linearly, although not in a way compromising the use of the component), and it is a common practice to use axial piston pumps to generate variable flow rates. This issue is industry-driven, since diesel engines and electric motors usually operate at constant speed. However, an axial piston pump costs typically six to eight times what a gear pump does; it is also subject to more wear with standard filtered oil circuits, as one would expect to use in a small van like FURBOT (not sophisticated overall hydraulic components in the circuits); finally, gear pumps are on the market for use with water-glycol, but for the same fluid axial piston pumps are extremely expensive due to rare use. Hence the novelty and idea investigated was to mount a servomotor on the gear pump: the motor was designed to operate at variable speed and in dynamic conditions; and not be regulated the way it is done with an inverter on asynchronous motor, but controlled in time to promptly serve instantaneous fluid rate.

It was observed that very few publications are available on the optimization problem of the hydraulics of a forklift. Some researchers have focused their research on either vision of the forklift operator [3] or controller design for automated forklift operations [4][5][6]. The focus of optimizing the hydraulics of the system for a forklift is still unexplored. Most of the optimizations are either theoretical [7] or for dynamic modeling [8].

Displacement-controlled actuators and hydraulics are playing vital roles in the development of new and clean technologies for mobile robots [9]. Major challenges being faced in the development of hydraulic systems for such robots are efficiency improvements, noise reduction and advancements in pump technology [9]. The innovative techniques used in this article mainly comprise on/off valves and fixed displacement pumps. The advantages of using fixed displacement pumps over variable displacement pumps are that they are typically smaller, lighter and cheaper than their counterparts [10]. The efficacy of on/off valves is well established [11], and for this reason, such valves are used in our work for development of an energy efficient hydraulic system with a lower cost at the same performance level.

New approaches to solving the intricacies of valve operation and fixed displacement pumps are being studied continuously, and mathematically modeled in order to better simulate their results [12]. The biggest drawback of these displacement pumps is the energy loss which is associated with them. However, these losses can be significantly reduced in the presence of load/pressure sensors [13]. The application of hydraulic systems in itself is a very demanding task. Many researchers have published their results just on the application [14], as a simple condition such as cold weather has the potential to decrease the overall efficiency of the hydraulics system [15]. The discussed articles bring good validity in the proposed work.

Another recent work used the same approach for flow control [16] but they used it specifically for electric drives. Within [16], the process for simulating the controller was similar and MATLAB/Simulink was used for simulation purposes. Additionally, the technique for hardware validation was also similar to our work. Furthermore, in another study, direct driven hydraulics were used to reduce the power consumption of the system [17], which is especially useful for heavy vehicles. This is very helpful in our vehicle as reducing power consumption is one of the goals of our research. Upgrading the energy management for forklifts has also been studied and verified in experimental settings [18]. Our research also uses the same experimental validation technique for our forklift operations to verify our simulation results.

Pressure flow rate control is an essential and emerging necessity. New devices are constantly being patented to safeguard the intellectual property [19,20]. Further work is also being done to save energy by using mutual pressure and flow control [21] and optimization pressure control valve for automatic transmission [22]. In reference to our work, we also tried to optimize our hydraulic system by using an inexpensive displacement pump and pressure sensor. Using a variable displacement pump was never viable for our research as cost effectiveness plays a vital role in the overall design of our robotic forklift.

This study was unique because an already installed hydraulic system was upgraded for better performance through control modifications and new hardware installation. The work completed not only upgraded the hydraulic system of FURBOT, but also produced a safer environment for working. The whole problem was simulated in LMS and SimuLink before implementation. Additionally, the work produced has practical applications in forklift design and is considered vital in the performance of FURBOT. To summarize, the contributions of this research are given below.

1. It is not common practice to use hydraulics in robotic systems. We have taken a new approach by using hydraulics instead of electric drives for our robotic forklift. 2. Furthermore, the axes need force density and very modest precision: An electric motor and gears also give additional precision not needed for our tasks. Additionally, the electric motor and gear pump can have a rigid transmission, and this too is a feature not required for FURBOT application: for this reason, hydraulics are not used much in robots because robots are designed for tasks needing accuracy and made stiff to simplify the control (controlling flexible axes is more complex in trajectory and under variable loads). 3. Validation of our methodology was achieved by conducting separate tests for speed control, the pressure loop, the speed test and the bi-state regulator. Moreover, repetitive experiments were performed to increase the faith in the robustness of our system. 4. The classical approach to regulate speed/force is through pressure reducing valves while the pump turns at full speed; this means it is not possible to set both the maximum force that will be exerted and the speed during the motion. With the help of bi-state regulator, we are able to set both the maximum force exerted and speed during motion. 5. A lot of energy is wasted using pressure reducing valves. The technique proposed is not only safer, but also reduces the energy loss in the system.

Hydraulics on FURBOT

FURBOT is equipped with a complete hydraulic circuit for handling of freight through the forklift, for suspensions and for the hydraulic braking. The complete schematics of the installed hydraulics on FURBOT are shown in Figure 1. The architecture of the hydraulic supply of FURBOT is also given in Figure 2. For each forklift axis, a double acting cylinder is used and controlled by a 4/3 mono-stable distributor, as shown in Figure 3. The suspension uses the same structure, but also includes nitrogen tanks, which can be linked to the cylinder chamber when driving, as shown in Figure 4.

The tank supplies the circuit with fluid and allows heat dissipation. The hydraulic pump is a fixed displacement pump, making the flow rate responsible for regulating the speed of the motor driving it. The bypass valve enables the operator to temporary disable the feed circuit without stopping the pump. With the current design, the pump is running at full speed when the operator enters the "FORK mode" needed to enable the hydraulics to operate the forklifts. Without actuation and negligible oil compressibility, a sharp increase in pressure is observed. Without any kind of regulation, this phenomenon has the capacity to waste energy because the excess of fluid goes back to tank through the pressure relief valve. The pressure valve is required to bypass the circuit to the tank when the pressure exceeds 140 bars. Another pressure regulator generates a lower pressure stream of oil for the suspensions (30 bars). 

Synoptic View of Control Architecture

A synchronous brush-less motor drives the pump. The motor is controlled by a servo-controller and makes the set controller + motor a servomotor, as shown in Figure 5. The controller generates the three-phase currents for the motor, and regulates the current (thus the torque) and the speed. This is a current servo-drive where the minor current loop is embedded into the speed loop. The servo-controller is connected via a digital communication link to a custom controller board and implemented on a Linux computer featuring a PowerPC processor, RAM, an FPGA for GPIOS control, an Ethernet layer (MAC and PHY) and onboard CAN transceivers. The controller board, called the open motion controller, elaborates the control of all the low-level devices on the FURBOT via CAN buses and a CANOpen layer: these include hydraulic motor via a drive manufactured by SEVCON, the traction drives, the steering drive, the signaling of the vehicle and other devices via a CAN-to inputs outputs board (DIO).

The current design is sub-optimal from an energetic point of view and has safety issues, especially regarding the fork's actuation, yet this is a classical architecture. Reasons for this design being sub-optimal are:

1. The pump is always running at full speed and the pressure regulators are used uneconomically.

Given the oil compressibility, the rise in pressure is quasi-instantaneous; in other words the pump can start when actuation is needed without wasting energy for the majority of the operation time when in fork mode and waiting for actuation.

2. The forklift's cylinders do not always need 120 bars of pressure to work properly; so the maximum flow rate is not always required. 3. There is no safety regarding the speed of the unloaded cylinders as it is not controlled while working at maximum capacity. However, when the pressure is regulated, lamination valves allow regulating the speed of actuation by limiting the flow rate. Additionally, if the cylinders are stuck, the hydraulic pressure rises to 120 bars of pressure. Thus, it is better to set a maximum pressure set point in order to set the maximum force exercised by the cylinders. The pressure set point will give the maximum force and the lamination valve the maximum speed in steady state.

Research Objectives

The objective was to regulate the pressure of the oil before the fork actuators. The pressure regulating valves are able to regulate the pressure of the oil; however, the problems are:

They are designed for a simple service and dissipate energy by bypassing a certain amount of oil into the main tank. One can set the pressure manually but cannot control or regulate it over time.

Hence the idea of regulating the pressure by controlling the flow rate of the pump was formulated (the amount of oil fed into the system in a time period, while compensating for the leaks and changing the pressure according to compressibility formulas). Usually, a variable displacement pump is used for such an application. When it comes to "load sensing" in hydraulics, the flow rate of a variable displacement pump is modified (without changing the rotation speed). In load sensing with variable displacement axial piston pumps, the flow rate is adapted in the time to have no flow through the pressure relief valve, which is there just for safety. Additionally, the cost target of the vehicle does not let us use the normal variable displacement architecture because it is too expensive. Additionally their proneness to failure with fluids different from oil is also an issue, since we desire to shift to water additives with ethylene or propylene glycol in the future.

The idea was to use a constant displacement pump and to change the rotation speed in real time. The flow rate is actually proportional to the rotational velocity of the pump. This required measuring the pressure with a new dedicated sensor, implementing an algorithm in the processing unit (the OpenMCP) and controlling the speed of the motor driving the pump.

Hydraulic Equations and Control Strategy

We define the bulk modulus in hydraulics β [23] as

β = ρ dp dρ (1) 
where p is the pressure in the line and ρ is the volumetric mass density of the fluid. Considering that rate of change of density is directly proportional to the rate of change of mass flow rate of the fluid (defined as q) we get (if Volume (V) = constant)

dp dt = β ρV q (2)
Since rate of change of volume is not constant, especially when the actuators are in motion, our equation becomes 1

β = 1 ρ 1 V dM dp - M V 2 dV dp (3) 
Since

q = dM dt and ρ = M V (4) 
where "M" and "t" define "mass" and "time" respectively, we get

dp = β ρV qdt -ρdV (5) dp dt = β ρV q - β V dV dt (6) 
It is desired that we control the output pressure with the input q despite the unknown variations in V. Thus, the "expansion of the walls" then appears as a perturbation term. Curve fitting on volume around a value is non-realistic as V changes a lot in a non-deterministic way.

Let us assume that σ = p consp. With the Lyapunov candidate function V = 1/2σ 2 we want: V = σσ < 0 to achieve control whatever the perturbation may be (change of V).

(p consp) ṗ < 0 (7)

(p cons -p) β V(t) q(t) ρ -V(t) > 0 (8) 
Then we have

q > p dV dt i f p cons > p q < p dV dt i f p cons < p (9) 
It is possible to take the following first order sliding-mode control for q : q = ρKsign(p consp) ≈ ρK σ |σ|+ , where σ = p consp and K is the upper bound for | dV dt | and achieve regulation. This is interesting conceptually but of little use for the real life system because such a command law is basically a high-gain, high-frequency control. Since flow rate is controlled by changing the speed of the volumetric pump, we have the following nested loops: current in the motor → speed o f the sha f t → pressure. Sliding mode is well suited for systems that have a low-pass behavior and can be driven at high frequency. Here, the bandwidth of the inner loops, the logic limitations in the electric controller and the delays with the communication link prevent us from having high frequency switching which will result in instabilities: the electric drive cannot cope with the speed changing too quickly. The current loops operating in FURBOT run at 16 kHz, the speed loop runs at 200 Hz and the minimum delay between two consecutive set-points for the speed is 20 ms (50 Hz). Thus the pressure loop can run at a frequency between 200/10 = 20 Hz and 200/5 = 40 Hz < 50. It is required that the outer loop control be as continuous and smooth as possible.

Note that the pressure control mode will be enabled when the actuator is not moving or there is a high load on it, which will result in slow motion under pressure limitation. For a non-time-varying volume, a proportional controller is enough. If an integral term is introduced, it can easily match a small enough V with a short amount of time, especially if a high integrator gain is used in conjunction with a good anti-windup (to avoid instabilities with steps in pressure).

Implementation of the Control Algorithm

The Control Strategy

The objective was to be able to set a maximum working force and a nominal speed for each hydraulic axis on the FURBOT. Since it is not possible to control the speed while limiting the force with a single volumetric pump at the same instance, a control mode strategy was devised which switches the control mode according to a defined logic. It works according to the following algorithm (Figure 6) where the controller is aware of The speed of the pump: through intelligent servo-controller. The hydraulic pressure: through the installed pressure sensor. This is basically a bi-state machine ensuring smooth actuator operation while limiting the power of the cylinders and thus limiting the speed of the fork operation. Pmax is directly proportional to the maximum operating force and Qcons is in keeping with the nominal speed of the actuator (the factor is the cylinder area S).

The operation is the following: most of the time, the actuator is driven with constant flow. If for a reason something is preventing it from moving or the cylinder reaches an end-position, the pressure will raise. For safe operation and to avoid using the pressure limiting valve, the pressure is regulated to Pmax once it goes over Pmax. Once the load is removed or the actuation is done in reverse (pulling instead of pushing), the flow rises until it eventually goes over Qcons, which is the nominal flow rate. Then the controller switches to flow regulation again.

Algorithm

The whole build system of the OpenMCP, which involves the kernel and the filesystem, the cross-compiler, configuration bash scripts and makefiles was cloned using LINEAR mercurial repository. Within the folders and files, there is the furbot application folder with all the source files (.hpp and .cpp), object dictionary description files (.ods) and the latest binary executable. The architecture of the code is the following:

The libcanopen++ API is used to create new can buses handlers and CANOpen "master controllers" which can be linked to a bus. A "master controller" is a CANOpen master node with a specific master object dictionary and which can run several "application controllers" with the use of threads. The software's "application controllers" are linked to a specific hardware-device on the bus. They work with the use of threads and callbacks from the libcanopen++ stack and have an internal state machine to operate the vehicle safely. A FURBOT class wraps all the buses and controllers. The latter also includes a network handler to broadcast information via UDP (User Datagram Protocol) to all hosts on the local network. All the objects are instantiated and the threads launch with the call to the Furbot() constructor inside the main function.

Changes to the existing architecture included:

Changing the object dictionary for one of the master nodes on the bus. New user entries were added for the pressure process-values coming from the pressure sensor and we did the right PDO (Process Data Object) mapping. Writing a controller for the pressure sensor (two new files), to get the data and to send it to the local network inside UDP packets. A network subsystem for the pressure sensor was added using pre-existing functions.

Creating a class for the algorithm (two new files) to be able to get the behavior explained above. The pressure control mode is a PID control while the flow regulation just consists of setting the speed of the pump. Changing some functions into the furbot class, especially the function starting the pump and running it at full speed by a new function according to the current requirements.

Preliminary Work

The Open Motion Controller and CAN

The vehicle uses several CAN buses to control the different modules and drives. The algorithm is implemented on the motion controller; the latter runs under a Linux operating system and the "furbot" application runs in the background.

The OpenMCP

It is the main motion controller of the vehicle. The hardware of the OpenMCP is shown in Figure 7. Ethernet links it to all the devices by CAN buses and to the human-machine interface on a local network. Physically, it is composed of two boards: a digital processing board stacked upon a digital interface and a signal handling board that includes network transceivers (CAN and Ethernet), protection components (opto-isolators, fuses and transient voltage suppressors) and an IO interface. On the computing board, there is a PowerPC processor, flash memory, RAM and an Altera FPGA for network layer implementations and some IO logic. Two automotive AMPSEAL connectors are used to physically wire the board inside the vehicle.

The "furbot" application is cross compiled and loaded as part of a Unix file system. A Linux kernel and the file system are loaded in the flash by a separate tool. When the device boots, it decompresses the kernel and the file system (SquashFS) on the RAM. The board allows for two kernels and two file systems being available on the flash memory. It automatically loads the latest ones but allows using the old revision if a problem is detected. Particularly if the boot fails with one kernel, it automatically tries the older one after a few attempts. An executable, added to the path, enables one to load a newer revision of the kernel or the file system via the network and the protocols SSH/SCP. 

CAN

The CAN (controller area network) is an automotive fieldbus designed to be very reliable in harsh environments and is an asynchronous multi-master serial bus. The physical layer uses a differential signaling scheme on copper with a 120 Ohms termination resistor to avoid signal reflections at the end of the lines. In the most common implementation, all the nodes share the same link (bus). A complex arbitration process based on a message priority system and several kinds of frames allow only one node to talk at time. Acknowledgment of the messages enables it to detect errors and faults. There are four frame types:

The data frame transports the data. The remote frame asks for the transmission of a data frame. The error frame is broadcast by one node which detects an error. The overload frame is broadcast by a node which detects an overload.

All the transceivers have their own clock, but these are re-synchronized on a frame reception using the signal logic transitions: for that purpose, the bit stuffing ensures that there are always enough transitions to synchronize the nodes.

CANOpen

Getting the CAN messages from the hardware to a computer requires an adapter (made in silicon with the OpenMCP) and a driver on the computer. An IXXAT "USB to CAN" adapter was used for the early experiments with Linux machine and the drivers from IXXAT. Hardware is shown in Figure 8. On UNIX, several tools are useful for talking to the bus, such as the can-utils tools. Other than that, the SocketCAN stack enable the user to use a network interface to talk to the CAN bus. The tools involved are candump and cansend to filter/see the received messages or send a message on the bus. The application talks with the SocketCan stack via a library. CANFestival CANOpen library is used to interface an application code with the bus working with CANOpen. CANOpen master node was written, with its own object dictionary generated from a python utility given with the CANFestival library, and was able to control the motor in speed regulation and position regulation.

Preliminary Work on the Pressure Sensor

The pressure sensor operates from 1 to 160 bars in absolute pressure and operates according to the CANOpen ds404 profile. The pressure sensor was mounted on the hydraulic circuit of the FURBOT and was first directly wired to the personal computer using IXXAT. It was then configured using the cansend tool for Linux and the LSS protocol. CANOpenShell utility provided with the CANFestival libraries was used to take feedback from the sensor, set the state with NMT and get the data via SDO/PDO messages. All the electronic hardware was mounted on the back of the vehicle as shown in Figure 9. A python script was written to get the pressure plot in real time. This ensured that the pressure sensor was working properly. 

Modeling and Results

Simulation Modeling

The model falls into three parts: the corrector, the electric drive and the hydraulic circuit. The whole SimuLink model is shown in Figure 10. One of the objectives was to check whether the PI controller proposed above could regulate the pressure with a certain class of system composed of an electric drive and a constant displacement hydraulic pump, without the need for a full mathematical model of the Furbot subsystems. The main output is the pressure of the pump, and the inputs are the set point for the pressure and a pulse generator to command the cylinder in the hydraulic circuit. From the pressure set point, the controller generates a speed set point for the pump that is reached by the drive. The final controller is a PID with anti-windup integrator clamping. 

Simulation Results

The control scheme proved successful as long as the speed of the cylinder was limited with a flow limiter and there was enough oil behind the pump. Indeed, if there was no flow limiter, the piston moved too fast, and the circuit could not cope with the corresponding dV/dt. Theoretically, if there is not enough oil, instabilities (oscillations) may happen. A tank with a fixed volume of oil behind the pump can have a damping action. In the real system, we also want to get rid of the flow limiter, but most of the time it will be controlled in constant flow (constant actuator speed) mode, and if it switches to pressure limiting mode it means that a counter action is preventing the piston from moving too fast.

It was observed that there was drop in pressure when the motion of the actuator changed. Nevertheless, the integral term helped the controller to recover regulation around the set point, i.e., 30 bars. The following figure shows the details of the pressure rise at the beginning. A delay was observed between commanded and current speed for the pump. Modeling and the simulation proved that the controller could possibly work in theory. Figure 11 shows the simulation results, whereas a zoomed view of pressure rise is shown in Figure 12. 

Prototype Testing and Results

Pressure Sensor Test and Results for the Pressure Loop

The pump was driven at constant speed to verify the results. The plots below are from the python script with which the data were superposed to see "moving curves" in real time. The time basis was 20 ms between samples, and there was a 255 sample-buffer. Figures 13 and14 are results of the pump driven at constant speed (rpm). The results obtained reveal the hardware's performance at a constant speed, enabling one to judge the robustness of the controller.

Blue represents pressure. Red represents set speed from the control loop. Green represents actual speed. Yellow represents torque from the motor, measured from the servomotor. Furthermore, the hardware performance was also validated by running the pump at constant pressure (Figure 15). These three experiments (Figures 131415) were performed to validate the hardware and highlight any inherent delays in the pump before validating the controller. With the understanding of these results, we are able to validate better the robustness of bi-state controller. While performing the speed test (Figure 18), a jitter was observed at low rpm. It appears that the jitter near the setpoint was due to bad encoder settings for the servomotor: the latter used the UVW phase signals for the synchronous motor instead of the signal from the encoder to get the positions. Thus, there were less coding points (ticks), which is detrimental to speed control for low speeds. Apart from the jitters at low speeds for the reason mentioned above, the controller performance in the speed test (Figure 18) was well within the acceptable range when keeping in mind the inherent lags of the system. It was thus observed that at low speed, the pump was uncontrollable. This was because the efficiency of the pump was very low at low speeds. The gear pump had an interval of regulation and for lower speeds the internal leaks made it difficult to control, since flow sometimes leaked at low speed. This particular problem was not resolved even after installing a small tank of 0.35 L to damp the system and avoid oscillations. During the acquisition, the bypass valve was closed and then was opened; still, the pump was not able to cope with increasing pressure without creating huge torque, making the pump inefficient.

Final Algorithm Test

The results of pressure control were again collected with the inefficient pump at low pressure, as shown in Figure 19. From Figure 19, one can observe that the actual speed does not follow the set speed, hence the pressure ripple. For the results of the bi-state regulator (Figure 20), a horizontal piston of the forklift system was actuated (which was responsible for its horizontal movement), and we set the nominal speed to 300 rpm, and the maximal pressure to 25 bars. The flow limiter was completely open for that cylinder. To validate the results of the bi-state regulator and to check its performance, another experiment was performed (Figure 21) with the same conditions. The results of both experiments (Figures 20 and21) show consistency in the performance enhancing robustness of our bi-state regulator. Furthermore, the results validate our bi-state controller and its performance; actual speed (green) followed the set speed (red) in both of the experiments.

In spite of the presence of ripples in the pressure control mode, it was observed that the piston moved slowly till it reached an end-position and became pressure controlled. An effort was made to block the piston and limit the pressure. The piston was blocked with a chain, which moved slowly with the load release. Additionally, the speed was limited without the flow limiter, which was wasting energy; and the hydraulic pressure regulator was not used. The motor with a properly functioning pump should be low in pressure regulation mode. It is nevertheless possible to activate the pump when an actuator needs to move and to stop it on another condition, i.e., low speed of the pump or timer (tri-state machine). 

Conclusions

The overall hydraulic system of FURBOT was upgraded and optimized in terms of energy and safety. An innovative controller was implemented for pressure regulation and flow regulation which enhanced the overall performance of the installed forklift on FURBOT. The whole operation was conceived conceptually and simulated in Simulink before actual implementation. Perfect actuation of the forklift was not achieved due to hardware limitations, but the whole concept was electronically and physically implemented. Additional work is required to achieve better results and remove the remaining issues in the development of actuation system of the forklift. Nevertheless, the achieved results are very promising and of practical use. These results are very attractive in the automation process of project FURBOT.

Furthermore, we have shown that we were able to move the cylinder pump at constant speed through constant flow rate while controlling the maximum force exerted at all times. This was achieved with a single constant flow rate pump and a pressure sensor ending power wastage with pressure reducers. Additionally, at end positions, switching to pressure regulations eliminated the need for limit switches. The drawback of this scheme is that it is not easily scalable to multiple and simultaneous actuators control. This is because the flow of the constant flow pump will be divided through all actuators and the force exerted depends on the section of the cylinder pump; thus, a single pressure setpoint will not be enough.

Introduction

Freight Urban RoBOTic vehicle (FURBOT) is light weight, fully electronic vehicle designed for sustainable freight transport in urban areas. It is one of pioneering autonomous vehicles in freight delivery sector. The vehicle is expected to handle first and last mile freight delivery in an urban environment setting for the European H2020 project SHOW (SHared automation Operating models for Worldwide adoption). For the project SHOW, FURBOT is expected to attain maximum autonomy in its drive. Due to the autonomy requirements of SHOW project, it is essential for FURBOT to be modelled and simulated prior at length. For this purpose, it is very essential to build a custom-made simulation platform where automation testing and vehicle performance could be judged prior to experiments. This work is an effort to create such simulation platform in order to enhance the performance of the vehicle when integrated with new sensors and in general observing the performance anomalies if any. Dynamic modelling of new types of robots is becoming an essential research platform and is a required essential tool for developing better performing robots in current research. From Bi-pedal robots [1] to Hexa-slide robots [2] to parallel manipulators [3], dynamic modeling is becoming the key for better understanding the robots behavior in the natural environment.

Motion dynamics and custom control in robotics is essential for performance evaluation. Mobile robots specially wheeled robots which have vast human interaction and unknown environment requires simulation testing. Reference [4] uses sliding mode control for trajectory tracking for wheeled robot and [5] uses control to move their robot on slippery downhill. Mathematical modeling thus mainly revolves around modeling Newton-Euler equations [6,7] and using MATLAB as a tool for simulation.

This work, thus is essence of aforementioned researches in the field of mobile robotics. Due to need of modelling of vehicle, motion dynamics and controls are modelled for simulating our robot in MATLAB coupled with Simulink environment. As FURBOT is unique freight vehicle, modeling and simulating it is key for performance evaluation for vehicle and environmental safety.

Vehicle Dynamics

The current mathematical model of FURBOT is being developed for judging the performance of the vehicle before embedding any new hardware (sensors) or implementing any new automated technique which could result in an accident if not simulated prior to the experiments being conducted.

Constraints

The mathematical model is able to perform well on an empty straight road. Additionally, it is assumed that the vehicle does not have any inherent errors which can deviate it from the straight path e.g. tyre misalignment/balancing, lateral center of gravity shift etc. The road geometry consists of a straight road with null radius of curvature. The only varying feature of the road is the gradient of the road, which is extracted from Google Maps and simulated for traction power and braking control of the vehicle while driven on a hilly terrain.

Mathematical Modeling

An effort is made to make the mathematical model as precise as possible. The current coordinate system has its x-axis along the nose of the vehicle, y-axis towards left and z-axis is upwards [7]. It is considered that the vehicle is unable to roll, move along z-axis or pitch (unless due to road gradient change), making this mathematical model as a primarily three degree of freedom model. Both forces acting along x and y axis are modelled with moments acting along z-axis. However due to constraints, the motion of the vehicle is along a straight line.

Traction Force. Most of the definitions of forces acting along the body x-axis are taken from Ref. [8]. The forward force generated due to the torque acting on the driven wheels is given by Eq. 1

F t = T p ι g ι o η t r d (1) 
Where F t is the traction force and T p is the torque output of the power plant and in our case is the output of the throttle controller. ι g is the transmission gear ratio, ι o is the final drive gear ratio, η t is the final efficiency of the driveline from the wheels to the power plant and r d is the radius of the wheels respectively.

Drag Force. The drag force calculation is straight forward and is estimated with the shape of FURBOT in mind. At present, drag coefficient (C d ) of 0.5 is selected which is in reference to usual drag coefficient of such shape vehicle. Equation 2 is the equation used for drag force calculation.

F d = 0.5ρV 2 A f C d (2)
Where F d is the drag force acting on the body, ρ is the air density, A f is the vehicle frontal area and V is the total velocity of the vehicle.

Gradient Force. Although the gradient force calculation is comparatively simpler i.e. dependent only on weight of the vehicle M v and gradient angle α (Eq. 3, [8]), but the amplitude of this force can be significantly higher compared to other resistive forces. Also since in our case, there is no traffic or hurdle, this is the only force which cause braking to come in action (in case of negative gradient).

F g = M v gsinα (3) 
Rolling Resistance Force. Rolling resistance force is due to the friction between tyres of the vehicle and the surface of road. The two main components attributing to this force are the normal force acting on the vehicle tyres and rolling resistance coefficient. Calculation of normal force is pretty straight forward, however there are number of different ways to calculate rolling resistance coefficient specially with varying velocity of the vehicle. The main equation for rolling force is given by Eq. 4 given in Ref. [8].

F r = (M v gcosα)f r (4) 
Where f r is the rolling force coefficient and remaining is the normal force acting on the vehicle. For calculation of f r numerous techniques are found in literature, however for this work, calculation of rolling force coefficient is taken from the work of Brian [9] which is also an extension of his work in [10] and is given in Eq. 5.

f r = C sr + {3.24C dr ( V 100 ) 2.5 } (5) 
Where C sr and C dr represents the static and dynamic components of rolling resistance coefficient. In [11], variation of both, C sr and C dr are plotted against tyre pressure and Brian [9] used these graphs to extract polynomial expressions for C sr and C dr which are given in Eq. 6 and 7. These equations are thus taken from the work of Brian [9] and their validity is discussed in his work.

(C sr ) ref = -0.0000001687P 3 i + 0.0000255349P 2 i -0.0012944847P i + 0.0305104628 (6) (C dr ) ref = -0.0000002636P 3 i + 0.0000404822P 2 i -0.0020812137P i + 0.0381150798 (7)
Where P i denotes the tyre pressure. The above equations are considered for calculating the rolling resistance force coefficient for this work.

Forces Along y-Axis and Moment Along z-Axis. The Newton-Euler equations of motion for forces along y-axis and moment along z-axis are used for calculating respective forces and moments and are given by Eq. 8 and 9 [12].

vy = 1 M v v x (-a 1 C af + a 2 C ar )r - 1 M v v x (C af + C ar )v y + 1 M v C af δ -rv x (8) ṙ = 1 I z v x (-a 2 1 C af -a 2 2 C ar )r - 1 I z v x (a 1 C af -a 2 C ar )v y + 1 I z a 1 C af δ (9)
These equations are expressed in the body coordinate frame for the planar rigid vehicle [7]. C af and C ar are the cornering stiffness of the front and rear wheels respectively. δ is the steering angle and a 1 /a 2 are the distances of the rear/front wheels from the CG of the vehicle. Since our steering angle for this work is considered zero, the forces acting along y-axis and moments acting along z-axis yield very negligible values which are not enough for moving the vehicle considerably in y-axis.

Longitudinal Equation of Motion Along x-Axis. The longitudinal equation of motion is relatively simple as the problem is reduced to forces along x-axis and is given by Eq. 10.

vx = � F x M v = F t + F d + F g + F r M v ( 10 
)

Velocity Control

Two separate controllers are designed for motion control for the autonomous vehicle FURBOT. One for traction power control and one for braking power control. The reason for using such cascade controller is because our requirements for braking and acceleration are different. For traction power control, we require a smooth robust controller whereas for braking power controller, we require sharp responses addition to smooth behavior. Traction power control is a PD controller with an error amplification factor, whereas braking power control is a simple proportional error control with a self-defined operational dead-band of 1 km/h speed, thus it is only initiated if there is a difference of at least 1 km/h speed between reference and actual speed. Reason for not including integral component for the controller designs was because of the overshoot integral values were causing in actuation values. The designing criteria for both the controllers was to keep the velocity error < 2 km/h. Inputs of both controllers is the difference between reference and actual velocity in km/h. Details of these controllers are given in Table 1. A switch is placed between traction controller and braking controller. If the signal of braking control is greater than 0 i.e. it is active, the traction controller is automatically turned off. The controller design is kept simple in order to build the mathematical model.

Simulation Setup and Results

The whole mathematical model was built in MATLAB and SimuLink and simulated for obtaining outputs for validating the model under genuine conditions.

Simulation Setup

Genova, Italy has one of the most unique terrain topology. Not only does it have beaches and mountain ranges, it is also quite dense in population. Driving an autonomous vehicle on such a terrain for the first phase of testing requires extensive simulation testing for environment and vehicle safety. A potential route is selected in Genova for FURBOT for its performance evaluation. The route selected for the FURBOT mathematical model verification and for elevation data is taken from Google Maps [13] and is shown in Fig. 1 For results evaluation, only the elevation profile is extracted. The current scope of work is to evaluate FURBOT capability over hilly terrain thus the selected path served as an ideal candidate for performance evaluation. The elevation profile extracted from the Fig. 1 is plotted in Fig. 2. 

Results

In the current simulated scenario, the vehicle behaved comparatively well. The reference velocity was set to 40 km/h for the vehicle and velocity control contained the velocity error well within acceptable 1 km/h bound. Figure 3 shows the overall velocity of the vehicle and Fig. 4 shows the relative error in velocity in the whole simulation. It is observed from the velocity profiles that it is easier for controlling the vehicle uphill compared to downhill as there are smooth transitions on positive gradient. The net effective traction force profile is given in Fig. 5. It is observed from the traction force profile that it follows the profile of the road gradient. Additionally, acceleration is zero in the negative gradient zone of the road which is also conceptually correct. Overall this shows satisfactory performance of the traction force controller.

The braking of the vehicle is triggered twice in the current scenario on the downhill journey of the vehicle. When compared with the gradient of the road, it shows coherence of braking with negative road gradient. A dead-band of 1 km/h is deliberately selected for avoiding any unnecessary use of braking. Figure 6 shows the comparison of braking force with the velocity error. This shows that braking is only triggered when higher than reference velocity is attained. 

Conclusion

The mathematical model for FURBOT worked as per requirements. The velocity control for the vehicle created nominal errors which were within tolerable range of 2 km/h. The switching between the cascade controller for velocity control also behaved as per need. The vehicle was able to maintain its velocity over the uneven hilly terrain which was the goal of the research. Furthermore, the whole mathematical model generated realistic results.

After modeling complete road topology and embedding traffic data into the simulation, steering control can be incorporated. This can make the vehicle's mathematical model complete and autonomous which will be of critical importance for selecting and testing new sensors for the vehicle. This model will additionally serve as a platform for the future work on this autonomous vehicle. Number of safety enhancements can be incorporated in the vehicle after simulating its behavior. Some future outputs of this system include path planning, safe parking, cargo alignment and enhancing the safety of the vehicle and the environment which includes bounds on top speed, radial velocity, minimum safe distance and operational battery life before recharge is required.

Introduction

Work on autonomous vehicle and specially for obstacle avoidance is being studied in depth in recent times due to high demand of autonomous vehicles. Within literature, obstacle avoidance for autonomous vehicles mainly fall in the category of path planning and steering control [1][2][3][4][5][6][7][8]. Very few of the articles have mentioned obstacle avoidance taking into account the velocity adjustment to the obstacle [2,4,9]. Steering control for hurdle avoidance is a good technique specially for relatively high speed vehicles or for the vehicles which require to avoid obstacles on highway [1,3,6] but for slow moving vehicles, where there is usually only one designated lane, this approach is not viable. From the research on autonomous vehicle it is clear that the controller choice for autonomous vehicles is model predictive controller or MPC [2,3,[5][6][7][8][9][10][11]. This is because MPC has the ability to anticipate future events and can take control actions accordingly, unlike PID controllers which do not have this predictive ability. Many researchers used MPC for obstacle avoidance with steering control [2,3,5-8], however there is an exception in reference [4] where MPC is used to not only avoid obstacles through steering control, but also for control velocity of the vehicle in case of unexpected maneuver of the vehicle ahead. Although MPC is famous choice for many for control of autonomous vehicles [10]; many other types of control algorithms are also used for velocity and steering control. Among them sliding mode controller [12] and fuzzy logic controller [13,14] are highlighted. Similarly other control theories are also used for autonomous vehicles depending on choice and situation of user.

The outlook of the past decade in autonomous vehicles given in [10] also shows that it is difficult to seamlessly integrate motion prediction with vehicle control. Not only that, MPC has reported issues with steering control [10]. So the use of PID for our vehicle seems as a good enough option only if we can predict our motion computationally without the help of MPC. The study on autonomous vehicles in the last decade also shows that there has been very little work done on unexpected hurdles or tackling of usual urban obstacles, e.g., traffic lights.

Much of the autonomy of autonomous vehicles revolves around cruise control [1,3,15]. This is very essential for vehicles driving at high speed or at highway. Reference [6] used additional constraints for high-speed vehicles in the sense of toppling of the vehicle. The relatively less constrained autonomous vehicles, are not only dangerous for themselves, but are also dangerous for the environment. Another interesting work which is done recently is to maintain center-line i.e., center-line control [3,9,15]. This is another very key aspect for autonomous driving specially in cruise control. Lane discipline is one of the primary requirements for autonomous vehicles. Experimental obstacle avoidance is rarely found in literature for a full autonomous ground vehicle (AGV) however, in [16] obstacle avoidance with experimental results was achieved with AGV using steering control.

Freight Urban Robotic vehicle is an autonomous vehicle which is required to operate autonomously in urban environment for last mile freight delivery. It has to achieve this goal for the European H2020 project SHOW (SHared automation Operating models for Worldwide adoption) in 2021 in Trikala/Greece. In the demonstration, it needs to operate in bicycle lane with no lane change option available. Figure 1 shows the demonstration area for FURBOT in Trikala for SHOW project. This work is an attempt to achieve the goals of automation of FURBOT set by project SHOW. The velocity controller for FURBOT requires true classification of velocity profile in order for correct automation. Since the vehicle is required to perform in urban environment at low speeds, it is imperative that it will encounter hurdles within its path. Thus, the need for obstacle avoidance is generated. Very few articles solve the issue of obstacle avoidance in urban setting. Reference [8] is one of the few studies which conducted obstacle avoidance in urban setting. However, only vehicle avoidance was observed. Other obstacles which vehicles may encounter were not observed in this study.

For slow moving vehicles, obstacle avoidance is usually limited to autonomous parking problem [18,19]. This is the usual setting where vehicle speeds are slow and speed control is also necessary in addition to steering control. However, this problem is very limited in path driven of the vehicle yet it has positive practical applications in autonomous drive. Using mathematical models for trajectory generation is also noted work in autonomous vehicles [11,16] yet is one of the initial steps for autonomous driving modules.

INRIA team RITS (Robotics and Intelligent Transportation Systems) have been working on autonomous vehicles for more than 15 years and is working on similar type of slow vehicles for obstacle avoidance. They have published on pedestrian detection [20,21] and pedestrian avoidance [22]. The approach used for pedestrian hurdle avoidance is the same which is used in this research i.e., slowing down of vehicle until the hurdle goes away from the path thus avoiding the hurdle. Their research is also a benchmark for this research. Velocity profiling for obstacle avoidance or navigation adjustment due to obstacles is still a novel concept and is being under study. Apart from INRIA's work in [22] for pedestrian obstacle avoidance; another use of velocity profiling for cruise control behind a slow moving object is shown in [23]. Velocity profiling is not just essential for avoiding obstacles, but it is also necessary to ensure smooth drive and drive comfort [24].

Our problem revolves around FURBOT which has to tackle obstacles and adjust itself while maintaining its lane. The best option to do so is not through steering control due to lane limitation, but through velocity control. Moreover, it has to tackle other type of hurdles within its path except moving vehicles e.g., traffic lights. Little work is found in literature where traffic signal is treated as an obstacle for autonomous vehicles. The usual work found on traffic lights is usually on its recognition system [25]. Obstacle avoidance for a slow moving autonomous ground vehicle which has its dedicated lane is not found in literature. Thus the need of our work is generated. This is emphasized for the vehicles which has to navigate in dense environment to be prepared for all types of obstacles, whether it is a slow vehicle, traffic signal or human obstruction; the vehicle in such urban environment needs to be able to adjust according to all such obstacles. In Addition to above, FURBOT has to manage obstacle avoidance by adjusting its speed as it has to operate in single lane. Thus, autonomous velocity profiling is very essential for its drive. Keeping lane restriction in mind and goal of avoiding obstacles, the best option is to cater with autonomous velocity profiling. This need sets the tone for technical requirement for our work that is carried out in this research.

Lateral and Longitudinal Equation of Motion

A summarized mathematical model that is used is presented using Newton-Euler equations of motion for forces along x-axis, y-axis and moment along z-axis and are given by Equations ( 1
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In above equations; M v is mass of vehicle, F t is the traction force, F d is drag, F g is gravitational and F r is the rolling friction force acting on the vehicle. Similarly, I z is moment of inertia of vehicle and C a f /C ar are the cornering stiffness of front/rear wheels respectively. δ is the steering angle and a 1 /a 2 are the distances of the rear/front wheels from the CG of the vehicle. The detailed mathematical custom made model for FURBOT is previously published in [26]. This model is used as a platform for modelling the obstacles in the same MATLAB/SimuLink environment and implementing the obstacle avoidance techniques presented in this research.

Obstacles Characteristics and Modelling

Obstacle characterization is very vital for autonomous control of the vehicle. Four obstacles of different nature are studied and modelled for velocity profiling for FURBOT. The mathematical modelling and approach to the obstacles for simulation are discussed in their respective section below. The four different nature of obstacles modelled are

• Traffic signal • Human/Stationary object • Speed breaker • Slow vehicle interaction 3.1. Traffic Signal
Creating the mathematical signal for identification of traffic signal and the color change posed three main hurdles; Signalling out current color of the light, approaching yellow light after green or red light and finally approach velocity to the light wrt current traffic light color. For signalling out the current color of the traffic light, each color detection is equated with a numeric value termed as t l ; 0 for green, 1 for yellow and 2 for red. With the help of three pulse generators, a desired output for traffic signal was generated. The signal attributes chosen were 60 s for red, 10 s for yellow and 40 s for green. The numeric signal out for the traffic light is shown in Figure 2. An unfamiliar problem arose while modelling the vehicle velocity profile when approaching traffic light. The issue was how to approach yellow light when it is turning from red to yellow or from green to yellow. The idea is to stop before the signal in case light is turning yellow after green and to keep driving if it is turning from red to yellow or switch to cruise if the car is stopped at signal. An intuitive approach is used to tackle this issue; since numeric values were assigned to colors of signal, a derivative coupled with rate limiter of traffic light numeric value wrt time could define whether the signal is turning red or turning green after yellow signal. Using this ideology, an intuitive conditional equation for reference velocity V re f sig as given by Equation ( 4) is formulated.

V re f sig = v re f red , if d dt t lr + t l -1 ≥ 0 v re f green , if d dt t lr + t l -1 < 0 : t lr =        R t ∆t + t l (i -1), if d dt t lr ≥ R t t l , if R t > d dt t lr > -R t -R t ∆t + t l (i -1), if -R t ≥ d dt t lr (4)
where R t is the rate limiter valued at 0.05 and v re f red / v re f green are the reference velocities for red and green light respectively. Using this equation, we can stop the vehicle if the value is greater than 0 or keep cruising if it is less than 0 keeping in view the yellow traffic light signal condition. Figure 3 shows vehicle approach to the signal. The start of the signal corresponds to the signal capturing by sensors of the traffic light. Figure 3a reflects the sensor output of the traffic light detection whereas Figure 3b outs the conditional derivative value of the signal sensor. The reference velocity profiling for traffic signal is kept as to steadily decrease the velocity of vehicle to zero on approach to the traffic light. This is achieved by considering current velocity of vehicle and distance to the light as given in Equation ( 5) where V re f sig is reference velocity due to traffic light, d obs is remaining distance to the obstacle, d band is stop criteria for vehicle, d init is initial detection of the obstacle and V re f is desired reference velocity of the vehicle i.e., 20 km/h in our case. An example velocity profile using this formula is thus shown in Figure 4. The criteria for stopping the vehicle is to stop 2 m before the traffic light i.e., d band . The same formula is used for velocity profiling in other obstacles as well except speed bump where simple switch between the velocity profiles is used. 

V re f sig = d obs -d band d init × V re f (5) 

Human/Stationary Object

Unlike in airborne vehicles, road vehicles can encounter sudden unknown obstacles e.g., humans or animals. These types of obstacles require sudden and immediate braking or if the object is farther away from the vehicle, a quick decrease in the overall velocity of the vehicle. This need is further explained in reference [22]. This aspect of driving phenomenon is taken into consideration in order to model such obstacles for better controlling the vehicle.

The stationary object/obstacle/human detection was randomly placed between 2∼20 m ahead of the vehicle. The duration of the object in the navigation path was randomly fixed between 2∼30 s. If the object moved away before the arrival of the vehicle, the vehicle continues with its reference velocity otherwise it adjusts its velocity to be zero 2 m ahead of the obstacle. This helps in gradually decreasing the velocity of the vehicle in case the object is away from the vehicle or to apply sharp and sudden brakes if it is in the vicinity of the obstacle. The reference velocity profile adjustment for a single such obstacle detection is shown in Figure 5. From observing the Figure 5 we see how the velocity is gradually adjusted to keep the object safe and to avoid a collision. During a single 5 km patch of simulation, five stationary objects with random times in-front of the vehicle are simulated. The placement of such hurdles was random in the 5 km patch. Additionally, the timing in-front of the vehicle of the obstacles and their distance immediate to the vehicle was also random between the limits mentioned above. Figure 6 shows the detected object in-front of the vehicle. It is noted that the condition for stopping 2 m before the obstacle was not always met. In the last hurdle, the distance reduced to 1 m which was due to the fact that the car was on a slope to the approach. However, in all the cases, the vehicle stopped before colliding with the stationary hurdle. The approach velocity and the time of the obstacle in-front of the vehicle are is plotted in Figure 7. 

Speed Breaker

The velocity adjustment in case of speed breaker obstacle was kept simple as the velocity drop is relatively small and there is no behavioral change in the obstacle. On detection of speed bump, the velocity of FURBOT is adjusted to 10 km/h. The overall velocity adjustment on the detection of speed breaker is shown in Figure 8. 

Slow Vehicle Interaction

One of the biggest hurdles/obstacles which are faced by driving vehicles is the encounter of slow vehicles and thus adjusting the velocity of the vehicle to that of the slow vehicle in-front. For this purpose, a slow vehicle is modelled in the path of the vehicle which comes randomly in its 5 km journey. The number of slow vehicles, their velocity profiles and any additional behaviors could be adjusted in the simulation. However, to test the controller, there is set to be a single slow vehicle which has a continuous velocity profile of 10 km/h. A random signal is generated for simulation purposes which shows that the vehicle has now moved away from the path of the vehicle. This signal is randomly generated between 5∼60 s of encountering the vehicle. After the slow vehicle signal disappears, the vehicle continues with it's default reference velocity profile.

Figure 9 shows the overall interaction of FURBOT with the slow vehicle. The velocity profile of the vehicle is gradually adjusted with time as to minimize the distance between the two vehicles and for not applying sudden brakes. The reference velocity adjustment takes the same approach of decreasing velocity gradually with the distance to the obstacle as was similar with the other obstacles. In Figure 9 the blue line represents the current position of the slow vehicle wrt time, the dotted red line shows the reference velocity of the FURBOT and the orange line shows the distance to the vehicle. The detection of slow vehicle is set to be 20 m away. We can see that the reference velocity starts to gradually decrease at 20 m markup and attains the velocity of the vehicle 2 m before it, thus avoiding the collision. As soon as the signal of the vehicle moving away from the path of the vehicle is received, the vehicle reference velocity is restored to its original value. 

Simulation Platform and Results

All the obstacles mentioned were modelled and simulated in a single run for a 5 km drive with varying road elevation profile chosen arbitrarily from an expected logistic path of the vehicle. The logistic path and the elevation profile chosen are available in reference [26]. The obstacles present in the simulation are given in Table 1. Furthermore, the whole obstacle avoidance technique is further explained in the flowchart in Figure 10. One additional condition from flowchart information is also placed which is given in Equation ( 6) in case of multiple obstacle detection.

V re f = min(V re f ped , V re f sig , V re f car , V re f bump ) (6) 
where V re f ped is the reference velocity generated due to pedestrian, V re f car is reference velocity from moving car obstacle and V re f bump is reference velocity from speed bump obstacle. The above condition is additionally placed in case multiple obstacles are detected in the presence of each other. In case two or more obstacles are encountered simultaneously within the path of the vehicle; the vehicle adjusts its reference velocity in accordance with Equation ( 6). Figure 11 is shown as an example where two obstacles i.e., moving car and stationary person coincides during the passage of vehicle. The vehicle first adjust its reference velocity wrt slow vehicle but when human obstacle is detected, the reference velocity is automatically adjusted to the lower reference velocity. Two separate controllers are designed for velocity control of the vehicle; one for braking force and one for the traction force. This type of cascade controller is chosen deliberately as the requirements of acceleration and brakes are different for the vehicle. Additionally, when braking is applied, traction power is automatically shut down as in conventional vehicles. The idea of a low-level speed controller is taken from the idea introduced in Cycab [22] where the speed is regulated as a function of vehicle current speed and the target speed. The sampling time for the simulation is chosen as 1 ms and the reference velocity is updated at every sampling period. The controller for the vehicle had to be altered to adjust for obstacle avoidance. For braking control a PI controller was chosen whereas for traction force a PD controller was chosen. The traction force controller had an additional error amplification factor to adjust for power control. The overall controller configuration is given in Table 2. The mathematical model for the vehicle was previously developed and behavior checked and verified in [26]. The reference velocity for the vehicle was set at 20 km/h unless the need to adjust reference to obstacles was required. The minimum reference velocity received either from the obstacles or in general is the final reference velocity of the vehicle in accordance with Equation (6). Figure 12 shows the reference velocity for the vehicle in the presence of aforementioned obstacles. The braking control is only activated when there is positive difference between actual and reference velocities as shown in Figure 13. Moreover, the actual velocity of the vehicle and distance travelled by the vehicle are given in Figure 14. The bumps in the velocity profile when compared to reference velocity are due to the fact that there is a gradient profile of the road and the vehicle velocity changes due to weight shift of the vehicle. The simulation results displayed satisfactory acknowledgement of hurdles by the algorithm and the controller took correct preventive measures to avoid collision or adjusting to traffic light/speed breaker. 

Conclusions

Obstacle avoidance for lane-restricted slow vehicles is studied and results are shared. Velocity profiling was formulated in this research and implemented in the simulated environment for the project FURBOT. The correct velocity profiling successfully helped in controlling the vehicle and avoiding the obstacles and collisions. The approach in itself is novel as it creates less strain on the controller with multiple inputs. All four hurdles are successfully modelled and avoided in random fashion within the course of drive for the vehicle FURBOT in the simulated environment. Additionally, this research will further help the autonomy of autonomous vehicles while they are commuting in a semi autonomous environment i.e., where manual and autonomous vehicles drive together. True velocity profiling in urban environment can also take away another driver based decision for manual cars. Furthermore, with this technique being implemented, we are one step closer to driving our autonomous vehicle FURBOT in urban environment setting for project SHOW.

Introduction

FURBOT (Freight Urban RoBOTic vehicle) is an urban freight delivering vehicle designed for last-mile delivery in an urban environment. The vehicle was part of European Green Vehicles Initiative (EGVI) funded under the umbrella of FP7-Transport European project ending in December 2015 [1,2]. It was completed as a complete drive-by-wire vehicle and conceptually designed to be converted to an autonomous vehicle. Recently, FURBOT has taken part in SHOW (SHared automation Operating models for Worldwide adoption) project where 69 partners from all across the EU will take part in the adaptation of autonomous vehicles in 20 cities across Europe where autonomous vehicles will demonstrate their autonomy for 24 months (https://show-project.eu/). For a full demonstration, the vehicle needs to be adapted in an autonomous environment with full legislative support. For homologation of the vehicle, two separate unique hurdles are being faced. The first one is the vehicle approval under EU regulations for the vehicle to operate on public roads for delivering goods. The second is the upgrading of the vehicle to turn it from a drive-by-wire vehicle into a completely autonomous vehicle. The homologation of FURBOT is thus only possible if we resolve both issues. Thus, the need for our work is generated.

Several freight delivery options are available within urban setting for last mile delivery, which include advance delivery locations (reception boxes (parcel boxes), delivery boxes, controlled axes points, collection points and locker banks) and advanced delivery vehicles (electric delivery vehicles, electric cargo bicycles and autonomous driving vehicles) [3]. However, any single solution is not enough for smart last mile delivery, as every option has its own advantages and disadvantages [3]. However, road-based transportation using AVs can significantly reduce accidents and operational time of vehicles [4]. Parcel lockers do not seem to provide less congestion for last mile delivery if their utilization is less than 93% [5]. Among advance delivery locations, reception boxes have the greatest usefulness, flexibility, punctuality, security, privacy, reliability and lack of liability issues [6]. In our case, FURBOT provides the unique solution of integrating AVs with delivery boxes. This unique solution eliminates disadvantage of customer unavailability on reception with smart delivery locations, which is close to customer [7].

Bringing autonomous vehicles on the road is still an enormous challenge for companies. In March 2018, Tesla's vehicle had an accident killing its passenger while on autopilot [8]. Autonomous vehicles are extremely expensive and yet not completely reliable [9], thus a good start for autonomous vehicles would be to introduce them in last mile delivery option where risk is minimum [9]. For first stage deployment of autonomous vehicles, slow speed last mile freight delivery is an excellent opportunity [9]. With over 1.7 billion parcels delivered per annum [10], optimization in this business sector is a very fruitful idea [11]. In addition, inaccessible curb space, improper off-loading facilities for the vehicles and lack of elevators waste a lot of energy in last mile delivery [12]. In such scenario, delivery boxes through vehicles best suits the need for the customer and operators alike [13]. To justify such need, FURBOT is an in-line vehicle to solve the last mile delivery problem in urban setting.

Bringing autonomous vehicles on the road is not a new concept now; in fact, exactly a decade ago Google announced that they had built a car capable of driving itself [14]. Since then, autonomous vehicles have come a long way from driving themselves [15] to delivering freight [16]. Recently, JD.com (https://www.chinamoneynetwork. com/2017/06/19/jd-com-launches-robot-delivery-services-in-chinese-universities) (http: //www.ecns.cn/news/sci-tech/2018-06-20/detail-ifyvmiee7350792.shtml) used robot delivery services in Beijing and universities of China [17,18] for delivery of personal packages. Similarly, Starship technologies (https://www.theverge.com/2019/8/20/20812184 /starship-delivery-robot-expansion-college-campus) is also going to deploy its six-wheeled delivery robots in the universities of the US for delivery services within university campuses [19]. It is now clearly envisioned that delivery systems are specially targeted for autonomous vehicles [17][18][19]. However, thus far, heavy freight delivery is not completely possible in an urban setting through autonomous vehicles. FURBOT will attempt to achieve this milestone for autonomous freight delivery within an urban environment. The concept of using heavy autonomous vehicles is still under study [20], but these concepts are still in the conceptual phase and use mini autonomous vehicles for personal package delivery within urban environments. The idea is to use large vehicles (LV) to deliver and deploy small autonomous vehicles (SAV) for personalized deliveries of freight [20,21]. The novelty of FURBOT is that it is not only a freight delivering autonomous vehicle, but it is also equipped with fully functional forklifts, capable of loading and unloading freight autonomously.

Requirement formalization for autonomous vehicles is a very crucial need. Whether it is for bringing the vehicle on the roads [22] or to formalize the requirements for localization [23], addressing the requirements is a must for advancing the vehicle upgrading process. For this purpose, requirement formulation for conversion from drive-by-wire vehicle to a completely autonomous vehicle driven on roads is necessary. This need thus essentially created the necessity of our work.

There is a lack of research published for policy and regulations formation for autonomous trucks-large vehicles [24]-because of the belief that it will be a long time until they are formally allowed on roads [25]. This natural belief creates increased confusion regarding the policies governing freight vehicles and legalizing them for the roads. Thus, the need for requirement assessments for policy and regulations for bringing the vehicle on the roads for individual cases as FURBOT arises. For autonomous vehicles to reach their full potential, the policies should be ready for the interests of manufacturers and potential plaintiffs alike [26]. The current system, however, does not provide such an environment [26].

In addition, sensor identification for autonomous vehicles is also an important topic. As the identification of sensors for autonomous vehicles is an important issue, there is research available for identification of sensors [27], their fusion within the system [28] and their use in autonomous vehicles [29]. As FURBOT is upgrading itself from a drive-by-wire vehicle to a fully autonomous vehicle within a short period, it is essential for its upgrading that identification, fusion and use of the new sensors which will enable it to navigate and handle freight autonomously be carefully selected. It is also necessary to identify an open platform as in [30] which can help in bonding the new sensor hardware with the mission computer of the vehicle.

This research is thus an attempt to address two main core issues for FURBOT for it to be upgraded from its current state to an autonomous vehicle. The first issue revolves around the correct categorization of the vehicle so it can earn legal status on the road. Second, the vehicle must also be upgraded with hardware and software for it to be a fully autonomous vehicle. For that, we should identify the required sensors and the complete platform where the hardware can be easily incorporated in the software.

Research Methodology

The two main core issues this paper addresses (mentioned above) arose for the vehicle's amalgamation in the SHOW project. The methodology developed to address these issues is discussed in this section. Two key questions are answered: (1) How were the data collected/generated? (2) How the situation to come up with the solutions analyzed?

One focus for this study is to develop a strategy to secure licensing for the vehicle to be insured properly. To resolve this issue, first, the current state of vehicle is distinguished, highlighting its feature. Second, a study of the European type approval is carried out, identifying the vehicle categories [31] approved by European commission. Comparing the vehicle design with the approved vehicle categories by European commission, best suited vehicle categories are identified. Afterwards, requirements in context with the current state of the vehicle are analyzed, keeping in view selected vehicle categories. Hurdles to categorize our vehicle in the shortlisted categories are highlighted and analyzed. Thus, we were finally able to resolve the vehicle categorization issue for licensing and insurance purposes.

The second focus of this research is to identify hardware and software changes the vehicle requires in order to upgrade itself from a drive by wire to an autonomous vehicle. The methodology opted for resolution of this issue involved a literature search in the type of sensors required by the vehicle to be upgraded to autonomous vehicle. Similar autonomous vehicles are studied to identify sensor requirements. Study participants involved vehicles with similar shape as FURBOT. Several study participants are chosen to identify software required for the upgrade of the vehicle. The inclusion criterion for software is ease of changing/development of autonomous navigation modules, whereas the exclusion criterion is the rigidity of change in software, i.e., being a black box. Further inclusion criteria for software are for it to be open sourced, accessible and have a proven track record in autonomous industry. Vision check for 3D LiDAR is performed through CAD software and the results are analyzed to identify the right sensors and their quantity.

Regarding the demo site, in-depth site study is performed collecting data from the site. Afterwards, use cases are developed considering the environmental constraints. Step-bystep freight collection for the vehicle is envisaged. The autonomy level required is analyzed and completed through project constraints. Environmental problems and advantages are studied and highlighted. Complete demonstration is studied and analyzed, helping in clearly constraining the performance requirements.

The paper is further organized into five additional sections. In Section 2, the current state of the vehicle, its mass distribution and current features of FURBOT are discussed. In Section 3, we discuss the work progress in terms of current achievements and future goals. In Section 4, the technical classifications of how the vehicle can be correctly categorized is debated. The licensing issues are additionally highlighted. In Section 5, we discuss the foreseeable issues about the demonstration in the actual site. Finally, the vehicle upgrading requirements and expectations are highlighted in Section 6 before the conclusion.

State of the Vehicle

The vehicle is expected to transport two types of freights i.e., pallets and small parcels, as a feeder service from retail urban distribution service in late nights or early mornings. It is expected that the vehicle will collect freight from the loading bay, navigate to the designated store and deliver the freight. The expected workload per day for the vehicle during the full demo is around 5 h or 5-6 autonomous deliveries in full use case demo of the vehicle.

The vehicle at its current state is a complete drive-by-wire vehicle. Loading and unloading functionality for the cargo pallet is in working condition for the vehicle. The vehicle has two primary modes, i.e., fork mode and drive mode. While in drive mode, the vehicle cannot operate a forklift for loading/unloading of freight, and, while in fork mode, it cannot drive.

The vehicle is also equipped with multiple stereo cameras (side cameras, front and back) for the driver to see around the vehicle (with screens in front of the driver). A pair of single-plane LiDARs (front and back) are also mounted for emergency braking. The vehicle is also equipped with driving assistance, including emergency braking and adaptive speed control. However, in its current state, it lacks the sensors for complete autonomous driving. At the current stage of the project, it can be categorized as a fully functional drive-by-wire vehicle with loading/unloading capability of freight. The current state of the vehicle is shown in Figure 1. 

Vehicle Components Breakdown

The overall mass breakdown considering its different components is mentioned in Table 1. The vehicle dimensions are given in Table 2. The passenger and cargo of the vehicle do not make up the weight of the vehicle for classification; thus, the mass of these components is ignored. The tires of the vehicle take up approximately 25 kg of weight. Apart from these three components, other components of the vehicle are discussed and detailed below. Additionally, a full CAD drawing of FURBOT is shown in Figure 2. The vehicle is comprised of eight major components which are discussed below. These components are:

1. Chassis 2. Forklifts 3.

Vehicle cover 4. Batteries 5.

Installed sensors and additional hardware 6. Cargo 7. Passenger 8. Tires 

Chassis

The chassis, as shown in Figure 3, is made of steel and is the heaviest part of the vehicle, weighing 500 kg. Because of this steel frame, it is very difficult to trim down the weight of the vehicle. The structural mass of the steel frame is unavoidable unless redesigning of the vehicle is carried out. 

Forklifts

Two separate forklifts are part of the total mass of the vehicle. The mass of each forklift is roughly 90 kg. Thus, these two forklifts combined make up about 180 kg of FURBOT's mass. The forklift design is shown in Figure 4. It is also discussed that the mass of forklifts could be part of the payload/cargo of the vehicle and can be excluded from the total mass of the vehicle. 

Vehicle cover

FURBOT body cover comprises the orange cover which fits on the chassis of the vehicle and gives it the overall shape of the vehicle. The cover of FURBOT is roughly 300 kg and includes almost all the vehicle's outer body. The CAD model for the body cover is given in Figure 5. 

Batteries

The mass of the batteries is not included for L7E category vehicles, but it is included for N1 category vehicles (vehicle categorization is further discussed in Section 4), thus this mass is highlighted. The batteries have custom made power management with distributed drivers. The battery power pack is shown in Figure 6. The battery management cabinet on the battery frame and the complete power unit can be easily assembled or removed from the back of the vehicle. 

Installed Sensors and Additional Hardware

At present, FURBOT is installed with minimal sensors. However, after the upgrading of the vehicle takes place for autonomous driving, the increase in mass is expected to be roughly 200 kg or less.

At this moment, the mass of auxiliary components and computational hardware cannot be calculated, thus no exact figure can be given for these components which are already installed in FURBOT.

The auxiliary components whose mass is not included in the overall breakdown of the mass of FURBOT are as under:

• Hydraulic services • Suspensions • Active braking • Control hardware •
Seating and wiring

It is estimated that the overall mass of these components makes up about 110 kg of the vehicle's mass.

Current Features of FURBOT

The vehicle is currently a full drive-by-wire vehicle. The highlighted features of FURBOT are discussed below:

•

Adaptive speed control • Emergency braking (pure electrical): The hydraulic braking available is on front wheels only with a single line circuit. The pump is automotive standard but using only one piston line: no crossed braking circuit. Electrical braking on rear wheels is through the traction motors. The presence of the gearboxes makes maximum braking torque above the minimum requirement for the overall N1 vehicle category, but with control or electrical fail this reduces to a viscous braking torque lower than the requirement and not controllable. • Joystick for steering, i.e., no steering wheel attached: the by-wire steering system works for a prototype, but it does not have the features of an automotive standard bywire setup. It has no hardware redundancy and the software and method of operation are not certified for by-wire driving in road condition. Doing this certification is not workable without a major restructuring of the HW and SW. For certification, the joystick needs to be replaced with the steering wheel. • Hydraulic-based controls of suspension and forklift: They are not involved in vehicle homologation and classification. • Driver assistance: It is not involved in vehicle homologation and classification.

• Pedal and joystick-based braking: The pedal is the hardware on the braking pump, with the limitations exposed above concerning homologation; the stick is by-wire operating on the electric motors, again with the limitations explained above.

Work Progress for Automation

Continuous efforts are placed for the upgrading of FURBOT so it can perform all tasks autonomously for successful contribution and complete all UCs (Use Cases) associated with it. A brief description of how proceedings are moving forward with FURBOT per requirements is provided below.

Current Achievements

Considerable developments were done in the first six months of the upgrading project for FURBOT. The tasks carried out are detailed below.

•

In the technical domain, mathematical modeling for FURBOT is carried out devising obstacle avoidance techniques/strategies [32,33]. Further explanation of this work is given in Section 3.1. The multi-body model is also created for performance evaluation to analyze extreme cases [34]. • Identification of shortcomings in terms of sensors required and upgrading needed is carried out. • Identification of issues concerning freight approach and autonomous drive within an urban environment are highlighted. Strategies on how to tackle the respective issues are formalized. Furthermore, the hardware of forklifts is also upgraded [START_REF] Masood | Hydraulic Pressure-Flow Rate Control of a Pallet Handling Robot for an Autonomous Freight Delivery Vehicle[END_REF]. • Development of a plan for upgrading is carried out where hardware and software requirements for the vehicle are completed.

Mathematical Modeling and Obstacle Avoidance

Mathematical model of the vehicle was developed as part of development of its digital twin for critical analysis [32]. The longitudinal equation of motion used and developed is given in Equation (1).

vx = ∑ F x M v = F t + F d + F g + F r M v (1) 
Newton-Euler equations of motions used for vehicle lateral model are further given in Equations ( 2) and (3). The development, expansion and annotations of these equations are presented in [32].

vy = 1 M v v x (-a 1 C a f + a 2 C ar )r - 1 M v v x (C a f + C ar )v y + 1 M v C a f δ -rv x (2) ṙ = 1 I z v x (-a 2 1 C a f -a 2 2 C ar )r - 1 I z v x (a 1 C a f -a 2 C ar )v y + 1 I z a 1 C a f δ (3)
To control the vehicle, three different PID controllers are developed for traction power control, braking power control and steering control [33]. The values of the respective controllers are given in Table 3. Using the mathematical model, obstacle avoidance techniques are developed using mainly velocity control [33]. Using velocity control, the velocity of the vehicle is adjusted whenever interacting with obstacles. A reference of how velocity of the vehicle is adjusted when facing an obstacle is shown in Figure 7. The complete workflow can be found in [33]. 

Future Goals

The future/upcoming goals for FURBOT are list below.

• Initialize the upgrading process, including software upgrading of the vehicle • Incorporate relevant sensors for autonomous driving and autonomous handling of freight, including relevant sensors for identification of freight • Strategies for freight approach and cargo loading are being visualized and simulations are to be developed for the collection of freight, navigation to the drop-off location and drop-off of freight

The way forward towards these goals are further discussed in Section 6.

Technical Classification for Vehicle

Currently, there are no existing legal basis for the autonomous freight vehicle operation in a real traffic environment in Europe. The best way to legalize the freight vehicle is to categorize it into one of the already approved categories of EU vehicle definitions. Among the many approved vehicle categories available, FURBOT can be considered in two categories according to its size, weight and type. These two categories of EU vehicle definitions and the issues governing in opting for them are further discussed below 1.

L7E-CU: L7E vehicle is a vehicle with four wheels, whose unladen mass is not over 400 kg (550 kg for vehicles intended for carrying goods), not including the mass of batteries with electric vehicles and whose maximum continuous rated power does not exceed 15 kW. Category L7E-CU is a sub-category that is a heavy Quadri-mobile for utility (utility vehicle only designed for the carriage of goods).

2.

N1-1: N1 vehicle is designed for the carriage of goods and having a maximum mass not exceeding 3.5 t. N1 vehicles are further classified into three sub-classes, which are discussed in their respective subsections.

L7E-CU

L7E-CU is defined as a Heavy Quadri-mobile for utility purposes. Further details for this classification of the vehicle are taken from [36] and are given in Table 4. An equivalent loading bed area as defined above designed to install machines and/or equipment and 3.

Designed with a loading bed area which is separated by a rigid partition from the area reserved for the vehicle occupants 4.

The loading bed area shall be able to carry a minimum volume represented by a 600 mm cube Maximum two non-straddle seats, including the seating position for the driver.

Some other technical aspects of L7E-CU as taken from [START_REF] Edwards | Provision of Information and Services to Perform an Initial Assessment of Additional Functional Safety and Vehicle Construction Requirements for L7e-A Heavy on-Road Quads[END_REF] are given in Table 5. According to the classification of L7E-CU, FURBOT falls well within this category except for its overall weight, i.e., 1300 kg excluding batteries, cargo and passenger, which is 700 kg more than the designed limit of 600 kg. The excess weight reduces to 500 kg if considering the forks as part of the cargo; further reduction could be achieved with the redesign of structural parts of the vehicle, but it would be better to rebuild the entire vehicle if weight limitation criteria have to be met. Apart from weight issues, the vehicle falls well within the limits of the L7E-CU category.

Another consideration in terms of safety is that, as FURBOT is a prototype vehicle, it cannot take part in impact testing, which is usually necessary for vehicles for granting minimum road safety. However, L7E category vehicles were exempted from impact test criteria [START_REF] Edwards | Provision of Information and Services to Perform an Initial Assessment of Additional Functional Safety and Vehicle Construction Requirements for L7e-A Heavy on-Road Quads[END_REF], thus FURBOT might qualify for safety in impact testing.

N1-1

As mentioned above, N1 category vehicles are those which are designed for carrying goods and have a maximum mass of 3.5 t. There are three sub-classes of N1 type vehicle which are given in Table 6 and are taken from [START_REF]EU: Vehicle Definitions[END_REF]. The classes are based on reference mass, which is defined as the mass of the vehicle in running order, less the mass of the driver. Further details on N1 type vehicles can be found in [39]. Apart from impact testing requirements, which cannot be managed for FURBOT as it is a prototype vehicle, there are no other requirements that FURBOT does not fall in.

Possible Licensing Issues

The major hurdle which is foreseen for licensing for the vehicle in the category of L7E-CU is:

• Overweight issue of the vehicle

For licensing the vehicle under the N1 category, hurdles are:

• Absence of steering wheel • No impact testing possible as it is a prototype vehicle

Foreseeable Issues

As FURBOT is expected to operate at late night or early morning, some concerns regarding the demo area are highlighted.

1.

Illegally parked cars: Vehicles that will be parked illegally in the demo area might become an obstacle for FURBOT, which can require additional help during the drive.

2.

Expected U-turn: The vehicle should have enough room to make a U-turn maneuver efficiently for a return route at a designated area. The demo area should thus be equipped with such a spot. It is preferable if the vehicle is not required to cross busy roads for U-turn rather stays within the dedicated lane.

3.

Freight placement for designated shops: While placing the freight at the designated stores/clients, vehicle needs to be sure that the area where the freight is being placed is clear from any obstacles or human interference. As the freight needs to be laterally extruded from the vehicle, it must not hit any obstacle. A supervised drop-off of the freight might solve this issue, otherwise appropriate sensors need to be placed which can take an automated decision on freight placement.

4.

Empty pallet collection: A strategy for the collection of empty pallets by the vehicle also needs to be planned. Empty freight collection has almost the same concerns as the freight placement as the forklift has to be laterally displaced from the vehicle to collect the empty pallets from the collection points.

Upgrading of Vehicle (Requirements and Expectations)

Work on the upgrading of FURBOT has already started in terms of automation requirements. For this purpose, necessary sensors are being identified and shortlisted for purchase. The guideline for the required sensors is taken from the Apollo Auto hardware installation guide [START_REF]ApolloAuto/Apollo[END_REF] and further modified keeping in view the vehicle. The initial identification of sensors has placed the requirements of the following sensors for the vehicle:

1.

3D LiDAR at the top (for 360 • view of the surrounding) 2.

Three Leopard Cameras with respective lens and trigger cables [START_REF][END_REF] (for traffic light detection and freight handling) 3.

Two single plane LiDARs (front and rear) 4.

To RADARs (front and rear)

5.

Industrial computer (for processing of sensor data) 6.

LTE/5G modem (for data communication between vehicle and remote user) 7.

GNSS for localization 8.

IMU for orientation sensing 9.

Medium-range RFID readers (for freight recognition)

It is expected to upgrade the vehicle software and hardware architecture for its complete autonomy.

6.1. Resolution of 3D LiDAR Purchase/Placement/Quantity Issues 3D LiDAR is one of the most expensive sensors that is being purchased for the vehicle. As the vehicle is unconventional compared to typical Apollo Auto vehicle [START_REF]ApolloAuto/Apollo[END_REF], typical Apollo Auto conventions cannot be followed. For considerations, three 3D LiDARs have been shortlisted keeping in mind the cost, availability and compatibility with Apollo software [START_REF] Lidar | High-Value Surround Lidar[END_REF][START_REF]Ultra Puck Surround View Lidar Sensor[END_REF][START_REF] High Precision | Minimum Range of Zero[END_REF]. The specifications which are affecting the decision of the LiDAR are mentioned in Table 7. 

I Velodyne PUCK 30 • (+15 • to -15 • ) 360 • 5-20 <100 $$ II Velodyne Ultra PUCK 40 • (+15 • to -25 • ) 360 • 5-20 <200 $$$ III Hesai PANDARXT 31 • (+15 • to -16 • ) 360 • 5-10-20 <120 $
As shown in the figures in Section 2 and Table 2, FURBOT has a box shape figure and thus looking down from the mid-top of the vehicle through 3D LiDAR is very difficult. In that respect, the most crucial aspect for consideration is the negative values of the vertical field of view for each LiDAR. Since Velodyne PUCK is not better than HESAI PANDARXT in price or vertical FOV, it is not further considered. The primary advantage of choosing Ultra PUCK over PANDARXT is the better vertical FOV values. While placing Hesai PANDARXT on top middle of the vehicle and trying to yield the maximum field of view, the LiDAR has to be placed almost 0.5 m above the vehicle, as shown in Figure 8. This shows that, although Ultra PUCK is better than PANDARXT, we cannot use the additional vertical field of view as 0.5 m above the vehicle is already out of bounds for placing 3D LiDAR stably. The above insight into placement and type of LiDAR puts Hesai PANDARXT as an optimum option under given constraints. However, even choosing PANDARXT does not solve the problem of 7 m undetectable shadow in front of and behind the vehicle (Figure 8). To solve this issue, inspiration is taken from a similar structure autonomous vehicle Olli [START_REF] Olli | Local Motors[END_REF]. Because of the type of structure Olli and FURBOT has, it is better to place two LiDARs, as shown in Figure 9. Having the above configuration for FURBOT gives sturdier placement for LiDARs and decreases the blind spots for LiDAR detection. This configuration does however come with a drawback that it increases the cost of installation as the need is increased from one 3D LiDAR to two. However, selection of economical LiDAR gives us advantage to go ahead with this configuration. The remaining blind spots are further removed by placing single plane LiDARs and RADARs at the front and back of the vehicle (same configuration as Olli [START_REF] Olli | Local Motors[END_REF]).

Requirements

The vehicle is expected to navigate in an urban environment at low speed, i.e., 15 km h -1 , in a dedicated lane for the autonomous vehicles. Although the lane for autonomous vehicles is dedicated, it is also a lane for cyclists, and people are expected to cross the lane. Figure 10 shows the expected lane in the demonstration area where the vehicle is expected to navigate with autonomy, addressing few hurdles within its path. Figure 11 presents the clear setting of the demonstration area and the environment. Currently, the vehicle operates with Level 3 automation. However; it is expected that the vehicle needs to be upgraded to Level 4 automation (according to SAE J3016 standards [START_REF] Sae Mobilus | Taxonomy and Definitions for Terms Related to On-Road Motor Vehicle Automated Driving Systems J3016[END_REF]) during pre-demo and full demo. The vehicle is expected to demonstrate TRL (technology readiness level) 6 for pre-demo and 7 for a full demonstration. Table 8 further summarizes the automation/performance level required for real life demonstration. In terms of connectivity, two service areas are proposed. The first service area will be covered by 5G/4G, whereas the second service area will be covered by a proprietary fiber-optic network. The infrastructure availability for FURBOT is still uncertain and will depend on the service area where autonomy demonstration is required.The proprietary fiber-optic network availability and its use is only considered if a major client is in an area which is not covered by 5G/4G network.

Use Cases for Demonstration Site

The vehicle is expected to cover five use cases. For successfully demonstrating the autonomy of the vehicle, these use cases have to be performed. The use cases are further enumerated below:

1.

Autonomous cargo vehicle operation in real urban pedestrian city-center environment 2.

Autonomous cargo vehicle operation and parking in real urban pedestrian city-center environment 3.

Autonomous cargo vehicle operation, smooth braking and immobilization in real urban pedestrian city-center environment 4.

This is combined with Use Case 2, as part of the routes will be performed in mixed lanes with other vehicles 5.

Autonomous cargo vehicle remote monitoring and emergency braking for immobilization mechanism via the connection with the remote control center

The flow of Use Case 3 combined with Use Case 5 is enumerated below to understand the demonstration requirement better:

1.

The FURBOT vehicle load is packaged in freights boxes with the help of the operator.

2.

The safety driver on board monitors the vehicle's route.

3.

The FURBOT follows its pre-defined route and stops at the fixed location in order to unload part of its cargo.

4.

The vehicle parks safely autonomously.

5.

The local business stakeholder picks up the load via the robotized freight boxes.

6.

The vehicle continues its route, but a pedestrian is crossing the road. 7.

The vehicle detects the pedestrian, adjusts its speed and stops smoothly.

8.

The safety person on board also activates the emergency brake. 9.

After the pedestrian moves and the road is unblocked, the vehicle continues its route towards every delivery location until all the goods are delivered. 10. The vehicle parks at the depot area.

Software Requirements

Many software architectures are available for autonomous vehicles to interface the hardware with the software. Some software architectures available for engineers are given in [START_REF] Marks | What Software Do Autonomous Vehicle Engineers Use? Part 1/2[END_REF]. Under the current software architecture developments, autonomous vehicle software architectures are under constant scrutiny from a security perspective [START_REF] Miller | Securing Self-Driving Cars (One Company at a Time)[END_REF] and few security concerns are repeatedly highlighted [50,[START_REF] Khan | Validity of Manual Architecture-Based Threat Modeling-The Case of Apollo Auto Software[END_REF]. Choosing the right software architecture can be an arduous task for an autonomous vehicle designer. The considerations for our team before selecting the software architecture for FURBOT were that the software should be:

• Open sourced • Easily accessible • Modifiable •
Have a proven track record in the industry Considering the above requirements, Apollo Auto fulfills our requirements, and it is considered as the "Android for autonomous vehicles" [START_REF]Technology Radar[END_REF]. It has intelligent components such as perception, simulation, planning and intelligent control [START_REF]Technology Radar[END_REF]. These features help in developing the interface with vehicle's hardware and thus achieving autonomous navigation. Since FURBOT is a freight vehicle and the autonomous freight handling part has to be developed, it is imperative that the selection of our software architecture is programmable and open sourced so that changes in the software could be easily implementable.

Considering factors highlighted above, it is thus decided to interface the entire vehicle through Apollo Auto for autonomous and remote controlling for the vehicle. Moreover, the vehicle needs to have a remote control for the vehicle besides on-board autonomous control.

The latest launch of Apollo is Apollo 5.0. Apollo 5.0 ushers in a brand-new data pipeline service with per-vehicle calibration options, along with spruced-up prediction evaluators and map data verification tools [START_REF] Wiggers | Baidu Releases Apollo 5.0 with Upgrades for 'Complex' Road Scenarios[END_REF]. The highlights are Open Space Planner and improved support for parking and intersections, including stop signs and traffic lights and those without signage. Finally, Dreamland, Apollo's web-based simulation platform for model validation and testing, has been updated with a more robust scenario editor and control-in-the-loop simulation [START_REF] Wiggers | Baidu Releases Apollo 5.0 with Upgrades for 'Complex' Road Scenarios[END_REF].

Already many auto companies are on board with Apollo Auto to integrate it with their autonomous vehicles. Toyota Motor already signed on to the Apollo self-driving platform led by Baidu. Toyota will be the second Japanese automaker to take part, following Honda Motor [START_REF] Writer | Toyota to Join Baidu's Self-Driving Platform Apollo[END_REF].

Not content to let Toyota be the only tech giant to get their hands on Apollo, Geelythe company that owns both Volvo and Lotus-will also work with Baidu, but it will be less focused on self-driving hardware and more focused on artificial intelligence [START_REF] Hyatt | Partner with Baidu's Apollo Self-Driving Car Program[END_REF]. Presently, Apollo has dozens of partner companies, including plenty of Chinese domestic companies as well as global companies such as Honda, BMW, Daimler, Volkswagen, Intel and Nvidia. The project was started in 2017 and is already in its fifth iteration with plans to reach full autonomy by 2021 [START_REF] Hyatt | Partner with Baidu's Apollo Self-Driving Car Program[END_REF].

Interfacing of the entire vehicle simultaneously with Apollo Auto is also essential in the development of the autonomous vehicle. All sensors should be able to interface with Apollo Auto for seamless automation of the vehicle. Integration and interfacing with Apollo Auto are also essential for off-line testing of the vehicle.

Hardware Identification and Installation

Hardware installation is required for the overall upgrading of FURBOT for autonomous navigation and freight handling in an urban environment. Among the major hardware changes which are requested are the integration of new sensors, connecting and interfacing the installed sensors with MC and establishing the connection with Apollo Auto.

Apart from new sensor requirements, their integration with MC is also essential. The cable/connectors requirements also need to be identified. In short, the transmission of sensor output data to MC whether wired or wireless needs to be identified.

Operative Modes of the Vehicle

There are mainly two operative modes for the vehicle: "fork mode" for freight handling and normal mode for vehicle navigation. When "fork mode" is activated, the vehicle cannot drive. Thus, the exact identification of freight must be performed before fork mode is started. The two operative modes, i.e., autonomous urban navigation and autonomous freight handling, are further discussed in their respective sections below.

1.

Autonomous urban navigation: Within this mode, the vehicle is supposed to navigate within the urban environment with the help of newly installed sensors in all weather and light conditions, i.e., in daylight and nighttime. It is also supposed to identify obstacles within its path and avoid them during its urban navigation.

2.

Autonomous freight handling: For autonomous freight handling, the vehicle is expected to autonomously load the pallet (freight) at the loading bay and then deliver it to the expected shop in an urban setting through autonomous urban navigation. Afterward, it should deliver the pallet, collect the empty pallet and then return to the loading bay. For the vehicle to perform this task seamlessly, the vehicle is expected to: The process is further explained in Figure 12. 

Expectations

The automation of FURBOT needs to fulfill additional expectations than just the automation requirements set forth. Among the expectations, the expectations at pre-demo and full demo are important besides the performance expectations and the timelines associated with them.

Demonstration expectations

The demonstration requirements are summarized in Table 8. The next is for full functionality for full demo for six months to two years, servicing the transport of goods within an urban environment continuously within the next four years. The expectations for the pre-demo are listed below:

• Automation Level 4 required with TRL 6 at least The journey for FURBOT is expected in the following way:

Freight loading at loading bay → Delivery of freight at designated shop → Collection of empty pallets from shops → Return journey planning and Return to the loading bay.

Recommendations

Future goals for amalgamation of the vehicle are mentioned in Section 3.2. However, few recommendations are highlighted on licensing and hardware/software upgrading for further research.

•

As the driver-less era is approaching, it is crucial that proper regulations (in this case, EU regulations) should be developed for the driver-less vehicles to operate on road for them to qualify for medical/comprehensive insurance from insurance providers.

•

Targeted designing of the vehicle in a pre-existing vehicle category can lead to much ease when bringing the autonomous vehicle on the road. Addressing the legal requirements for autonomous vehicles is much easier if the vehicle is pre-tailored, keeping in mind a specific category of the vehicle.

•

Hardware and software identification for the vehicle autonomy is crucial and thus the highlight of our research. However, there is no single solution or a specific path to take in order to make the vehicle completely autonomous. There is no specific guideline available to resolve this issue, thus the need for our work. However, further contributions such as these can help set a standard procedure for vehicle autonomy upgrading.

•

Hardware/software upgrading for autonomy can be very expensive, especially due to the need of expensive sensors and expensive off-the-shelf software. Thus, sensor identification and budgeting should be a prime consideration during autonomy upgrading.

Conclusions

We highlight and address several issues for FURBOT to complete its transition from a drive-by-wire electric vehicle to a fully autonomous one. The research focus is to address the issues concerning licensing and autonomy of the vehicle.

For licensing, the weight difference is enormous for the vehicle to qualify for the category of L7E-CU. The vehicle is overweight for this category, and shedding some weight will not solve the issue. However, qualifying the vehicle for the N1 category seems very promising. The only hurdle which needs to be addressed is the incorporation of a steering wheel instead of joystick, which is viable. Second, for crash testing, as the vehicle is a prototype and very expensive, it is not possible to do crash testing. However, to resolve this issue, it is possible to do simulated crash testing in structural analysis software. Structural analysis in software for crash testing is now becoming increasingly common [START_REF] Consolazio | Impact simulation and full scale crash testing of a low profile concrete work zone barrier[END_REF]. Thus, after considering all the factors, it is decided for FURBOT to gain the license in compliance with the N1 category by installing a steering wheel and doing structural analysis for crash testing.

Further conclusive results of our study showed the relevant hardware changes FUR-BOT must go through to change from a drive-by-wire vehicle to an autonomous one. For that, incorporating new sensors is of high importance. The identification of the right 3D LiDAR with the presence of single plane LiDARs and Radars will be sufficient for the vehicle to perform autonomous navigation. The identification and finalization of software architecture are also of prime importance, and Apollo architecture serves as an ideal platform.

We identify and highlight foreseeable issues that will help us in our path forward. Additionally, we critically analyze how we need to show autonomy, highlighting our strategy and constraints.

Few issues which are envisioned during the implementation phase of the whole hardware/software upgrade are that we stripped the top 3D LiDAR from 128 L (as recommended by Apollo [START_REF]ApolloAuto/Apollo[END_REF]) to 32 L. This means lower resolution with fewer data points for the perception module to detect shapes on the road. However, this was countered with front and back single plane LiDAR/radar for better perception. According to the manual of Apollo Auto, the backward motion is not developed for autonomous vehicles, which is a very crucial problem for parking for freight vehicle in the constrained urban environment. To resolve this issue, a new module has to be designed and incorporated into the system, which is cumbersome to do for off-the-shelf software. Resolution of these additional issues will have a direct impact on the budgeting of the project, as the manpower requirement for the project will considerably increase.

Changing the environment for the vehicle operations (i.e., city/country) can increase the number of requirements for the vehicle to be operational. Currently, the vehicle is envisaged to operate in a dedicated lane where authorization of other vehicles to operate is restricted (only autonomous vehicles are allowed). Thus, the vehicle is only expected to encounter person or cycles. Putting the vehicle in a lane which also occupies other (manual) vehicles will require additional work on modules built for autonomous navigation. Changing countries for vehicle operations can also bring in additional legislative requirements that vary from country to country. This can lead to delays in vehicle freight delivery application.
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I. INTRODUCTION

Complete automation describes a level 5 automated vehicle, which has mastered many challenges, including detecting roads/obstacles and monitoring driver behavior, and can decide during an emergency. Table I describes the various levels of automation and depicts how the take over request takes place at every level. However, the key to enhancing road safety is eliminating human interference, but enforcing complete automated vehicles on the roads is a complex multidisciplinary problem which involves fields such as sensors, machine learning, social acceptability, which are still not solved completely [4]. With a constant increase in the production of level 3 automated vehicles, which are well equipped with technologies like Active cruise control (AAC), traffic jam assistance, and lane changing assist, but when the system falls in an emergency, it must rely on the driver to overcome it because the systems are still underdeveloped. The concept of requesting taking over control for automated vehicle is called a Take over Request (TOR). TOR is initiated when the system cannot handle the emergency or exceeds the system's Operational Design Domain (ODD) [1].

Some standard steps pursued during the handover progression are reported. During the introductory phase, the system suspends other active tasks before the system alerts the driver and initiates a program to decelerate the vehicle. In the second phase, the system explains the situation to the driver to take over control, and the takeover transition occurs [2]. During the last phase, after accepting the request, the driver takes control of the vehicle. Once the vehicle overcomes the situation, the system recommends reactivation of automation and gets activated based on driver's need. In another case, if the driver refuses to accept the request, the autonomous system works out the instruction to manage the situation on its own, and it follows different deceleration strategies depending on the situation [3].

When the system generates TOR, the driver needs to deviate their attention from the Non-Driving Related task (NDRT) to the Driving task. Before it generates TOR, both the driver's internal and external information are used to calculate driver's attention based on the driver's concentration, tiredness, workload, neuromuscular activity, and driving trajectory to calculate deviation measure in-formation, which guarantees safe TOR transition [2]. Some studies in Human-machine interaction (HMI) are being performed to estimate the amount of time taken to take over control of the automated vehicle. Preliminary results show that it takes 7 seconds for humans to take over control from a non-driving related task, but research shows that with shorter time taken for take over request, the worse the driver's performance [4]. driver and system is set up by the HMI (Human-Machine Interface), which helps in driver's decision-making process. The most important question in recent research is that how TOR can consider subjective complexity [1].The important aspects about subjective complexity are :

• Driver's alertness after TOR is generated.

• System evaluation for interacting with driver for TOR. These aspects are further discussed in detail below.

1) Driver's readiness Evaluation: When TOR is generated, various approaches are used to evaluate the drivers alertness and readiness to interact with the vehicle.

• First, sensors inside the vehicle can sense regular interaction. However, key problem of this approach is compromised by user experience and there is a chance of cheating the system because of over trust. To solve this problem, evaluation of torque applied by the driver on the steering wheel is considered [1], [11]. • Finally, facial recognition and expression can determine the driver's readiness in Take over request, whereby evaluation of change in facial expression is carried out to understand the driver's attention over TOR [13], [1].

2) TOR Communication Interfaces:

The essential communication methods used by Human-Machine Interaction (HMI) are visual, auditory, and vibrotactile. Visual display conveys information where the driver can understand at ease, but few studies prove that the task that requires visual attention has a higher unsettling risk than other tasks performed [14] because the driver's attention is affected by multiple glances between vehicle devices and roads, reducing the ability to maintain vehicle control [15]. Whereas auditory messages are complementary to visual aids. In [15] studies show that speech warning helps in improving the response time of the driver to Takeover request.

The vibrotactile display is a device that communicates to the driver by vibrations for take over request, which is placed under the driver's seat and seat belt [16]. This vibrotactile display is beneficial because it becomes harder for the driver to ignore the message and the message is conveyed privately. The most important aspects while placing vibrotactile are • Frequency/amplitude set with the driver's comfort and concern [1]. • Location/timing adjusted depending on urgency [1]. Different audiovisual display configurations help determine the urgency of the transition from automated to manual driving [17], [1]. An HMI conveys a timely message to the driver, depending upon the urgency of the request. Different ways by which the system conveys a message to the driver is classified as :

• Visual: Information to the driver is conveyed via the display screen and vehicle's ambient light [18].

• Auditory: HMI uses various sound and intensity to alert the driver of the urgency for TOR [15]. • Haptic: Information is conveyed by a haptic interaction relying on kinesthetic communication through tractors located either on the seat or seat belt [1], [17].

III. HAPTIC TAKE-OVER SYSTEM

In a partial automated vehicle, the driver should take over control from NDRT to driving tasks when the system can no longer handle a situation. Thus, this poses a new challenge to transfer control to humans safely and smoothly.

Development based on optimal control and artificial intelligence was carried to examine effective interaction between human drivers and automated systems [2]. Some developed models showing results in improved human and system integration are:

• Optimal control model: This model is proposed to understand the behavior of human driver's [2], [19]. • Stochastic optimization method: To formalize the interactive behavior between drivers and automated systems, Stochastic optimization method was developed [2]. • Game theory method: This method is developed to improve human-machine cooperation during a takeover request or any other communication between humans and the system [2]. That resulted in improved lanekeeping performance. Haptic takeover controller is being developed to have a secure and comfortable communication during the takeover requests. It gets activated to assist the driver when he perceives a takeover request. The driver's takeover capability determines the required feedback torque [3], [2].

A. Haptic Takeover Control Framework

A haptic takeover control framework is developed in [3], during the take over interval the vehicle control is shared by ADS and driver. Firstly optimal sequence of control input is obtained from the planned trajectory of the vehicle. Simultaneously, the required optimal control task is achieved by both human and machine, that share the vehicle's control authority. The neuromuscular system (NMS) generated the driver's actual inputµ D , which is α% of the vehicle's total required input. The remaining portion of the optimal control input is contributed by automated input µ A , which is compensated for the driver's input. The take over process is completed when α% increases to 100 [3].

It is impossible to ease the automation and give complete control to the driver, as the transition is expected to complete safely and smoothly. The determination of control authority is decided by assessing the driver's take over capability in real-time. The feedback control is feed to the system in an increasing manner. Driver's optimal control authority α d is calculated in real-time based on driver's take over capability. [2].

The exact value of driver's participation α and the allowed is α d compared to determine the optimal required input. The feedback is generated to reduce the difference between real drivers input and the required input torque. It is essential to 2584 make takeover transition take place progressively with the suitable steering torque. Fig. 2: Haptic Take over Request control framework [2].

Understanding how to determine the feedback with crucial terms such as the vehicle's planned trajectory, driver's workload, and readiness is necessary. This understanding allows us to understand how the haptic takeover control framework works. The figure 3a indicates the amount of assistance required during an overload and underload condition of the driver in a driving assisting system. Assuming that the longitudinal velocity is constant at V x , then referred to simplified bicycle model of the vehicle and to the control diagram as represented in Figure 3a and 3b, proposed by [22], the lateral motion of the vehicle in response to the front wheel steering angle δ f , can be discretized as in :

B. Desired Input Sequence Of System

x(k + 1) = A d x(k) + B d u(k), z(k) = C d x(k), (1) 
A d = e AT s , B d = T s 0 x 2 dτ.B C d = C The matrix A, B and C are referred from [3]. Where x(t) = [v y (t), ω(t), y(t)ψ(t), θ sw , θ sw ] T is the vehicle model, v y (t) is the lateral velocity, y(t) is the lateral displacement, ω(t) is yaw rate, ψ(t) is the yaw angle, θ sw is angular position of steering wheel. z(t)= y(t) is the output and T s is the sampling time [23] [3].

C. Take over authority determination

Research carried on the alliance between driver's workload based on the driver's cognitive and driving performance depicts a decline in driving performance with driver's workload [24]. Still, there is always a balance between the workload and performance, which are in an acceptable range. Driver's workload is determined by the driver's pupil size, skin contraction, and pulse-to-pulse interval are captured via camera to identify the driver's distraction. The driver's physiological information, the electrocardiogram (ECG) signals, blinking of eye, pupil size, and head turning angles is measured to determine the optimal control authority and drivers cognitive workload [24], [25]. Thus, the control authority required during the take-over transition is determined by a haptic feedback control framework developed based on the driver's cognitive workload condition. To understand the logic behind the developed design, the developed design is regulated so that desired control authority α d is allocated to the driver depending on driver's 2585 real-time workload. The automation should provide continuous assistance to the driver during take over transition by considering the driver's workload. The referenced control authority α d is modeled as the time-varying function of the workload λ , which corresponds to in U-shape describing the amount of automation assistance required for the driver (figure 4a) [3].

α d (λ ) = α max -ϕ 1 (λ -ϕ 2 ) 2 (2) 
where α d ∈ [0, 1] present control authority of the driver, ϕ 1 and ϕ 2 are the parameters are designed for haptic take over control, α max is the min value of control authority and λ is the drivers cognitive workload.

D. Muscle Readiness for Takeover Authority Determination

Driver's dynamics related to neuromuscular activities are an essential component in takeover control. During takeover process, driver's hand comes in contact with the steering wheel to control the vehicle, and the driver's biomechanical state affects their manual driving performance. To determine the driver's biomechanical state, evaluation of muscle readiness is carried out in real-time, which is determined by measuring muscle activity with electromyography (ECG) and muscle co-activation during a simulated driving task [26].

To overcome dangerous situation and avoid obstacles , it requires a large steering torque during the takeover process. But if the driver ignores the Take over request situation, and muscles are relaxed, then the driver's readiness for driving is low because it would not allow a smooth takeover process. Considering the above condition of the driver control authority is modeled in figure 4c [27] .

When the handover control is in process, the optimal sequence of control input is derived from the vehicle's planned trajectory. Driver's input is created by haptic feedback system considering the neuromuscular dynamic system, which takes up α % of overall input to the vehicle, and the feedback input is contributed by the automation, which compensates the driver's input until α reaches 100 % which shows hand over control is completed [3].

E. Torque controller for haptic feedback system

In level 3 automation, when the automated system can no longer handle the situation, the auto-driving system deactivates, and the control to the driver is given back. With this haptic feedback control framework, a handover request signal would be generated, assessing the driver's attention level.

The intensity of haptic feedback torque and direction is determined by the driver's attention and participation in the driving task, activated when TOR is requested. Three significant factors decide the level of driver control authority: Required optimal input sequence, cognitive workload, and neuromuscular dynamics. In (equation 3) the driver's current engagement level is evaluated based on the driver's applied steering torque and steering torque required by the system [2].

α% = u D u d * 100 (3)
Where u D is the drivers actual input and u d is the required input needed from the driver. The feedback torque from the system is generated and exerted on the steering wheel to diminish the difference between α % and desired control authority α d %, that leads to a safe and smooth take over transition [2], [4]. According to the description from [3] the torque controller is composed of a tracking problem which is combined with feed-forward and feedback. The structure is adopted, as:

T hpt = T f f + T f b (4) 
In which T hpt : haptic feedback torque. T f f is feed-forward and T f b is feed-back component (explained in equations 5-7).

T f f = u d -u D = u A (5) 
T f b = -K p e c -K I e c dt (6) 
e c = α d % -α% (7) 
Where K p and K I in equation 6 are gains of feedback control and e c from equation 6 is the control error [3], [2].

This study about the haptic feedback take over control, generates the required optimal system input to have a safe and smooth take over transition [3].

IV. BRINGING THE VEHICLE TO A SAFE STOP WITHIN

THE ALLOTTED TOR TIME In Level 3 and 4 automation, driver not taking immediate control of vehicle is a major problem. In this section, the implication of this primary drawback on the automated driving system is scrutinized, and a possible solution is stated. The automated driving system state is defined by equation 8 [4].

(sεS), where(S = S Auto , S T OR , S Sa f e , S Manual ) (8) where S denotes the distance vehicle travelled, S Auto is automated driving, S T OR distance travelled in TOR phase after TOR initiated, S Sa f e is the safe distance in which vehicle is required to stop in case driver does not re-take control and S Manual is for manual mode.

The key idea of this strategy is very generalized for all TOR situations i.e. to signal the end of the automated driving route e.g. before a vehicle exits the highway, the driver is required to take control of the car when the car cannot handle such a situation. When the driver rejects or does not take control of the vehicle, the system brings the car to a safe halt [28].

A. TOR Time Interval

The principal aim is to build TOR strategy with constraints of TOR, that will be capable to Handel any TOR situation [4]. Time required to take over control is the significant variable in Take over request problem. It is defined as T T OR = [t T OR,s ,t T OR,e ]. Where t T OR,s and t T OR,e , are start and end of TOR time phase. The TOR time defines the minimum time, where the driver takes over control [4]. Figure 5 explains the time frame during a takeover process. Preliminary research indicates the take over request transition time is 10s [4]. 2586 Fig. 5: Take over transition Time line [4] Based on the time taken in TOR, two goals are determined, the system should be able to achieve either of one goal at the end of the TOR timeline. These goals are

• The driver must have taken control (during S Manual ) of the vehicle. • If driver does not accept the request in time, then the vehicle comes to a complete stop (during S Sa f e ). Overall, the first goal must be achieved as much safe and smooth way as possible. This allows the driver to regain control of the vehicle comfortably, but simultaneously make sure the secondary goal can be reached when the driver/human cannot take over control in the time phase allocated i.e. T T OR [4], [13].

B. Stationary Object Constraint

Besides TOR interval, during the take over transition car's enviroment plays a crucial role.. Guaranteeing to achieve the secondary goal that is without colliding, bringing the vehicle to a safe stop. Assuming that the driver can handle a critical situation when an autonomous driving mode starts TOR [4] [29].

During TOR, stationary object constraints is an essential constraint, and d T OR is the distance to such a stationary object.

(d T OR ) = (S T OR, O stat i ) = (S O stat i ) (9) 
Where S T OR , O stat i , is the distance to the object at rest O stat i coordinate system of the host vehicle. When there is no stationary object is present then the d T OR = ∞ [4].

C. Lead Vehicle Constraint

While driving on a highway, active cruise control is activated, which helps in a safer driving environment and keeps a safe distance from lead vehicle. For TOR it is necessary to derive a lead vehicle constraint with the max stopping distance s T OR ,O lead i which can be computed from [4].

It is assumed that the lead vehicle's sudden deceleration is automatically handled by normal driving strategy, which is active during S Auto . For lead vehicle constraint, a situation is depicted where a virtual stationary object is placed ahead of the lead vehicle [28].

At any point of time, the lead vehicle may overcome the object by changing the lane, revealing stationary object to the follow vehicle, reducing the problem to the stationary object constraint, such that s T OR , O lead i is analog to s T OR , O stat i [29]. This situation is depicted in the figure 6. 

(d T OR ) = (S O lead i ) + (l O lead i ) + (v O lead i )(t f ollow,lead ) (10) 
(s T OR ), (O lead i ) is the distance of the vehicle in front,(v O lead i
) is the speed of the vehicle and (t f ollow,lead ) is the time-gap to the stationary object from the lead vehicle.

D. Environment Observability Constraint

During TOR, the vehicle can observe only a specific area of the environment, which depends on sensors and weather factors. The assumption being made, such that the stationary object lies behind the observability distance. When object is detected, the vehicle must come to a complete during S T OR .

(d T OR ) = (S T OR,obs ) = (S obs )

Where S T OR,obs is the necessary stopping distance based on observability and S obs is the observability in the current lane.

E. Applying these constraint

The above discussed constraints are evaluated at every time interval and the minimum distance constraint is used in handover control strategy.

(d T OR ) = min(s T OR , O stat i , s T OR , O lead i , s T OR,obs ) (12) 
As a prime goal, it is required to give sufficient time to drivers for take over requests. The above discussed constraint is used to develop a deceleration profile during S T OR based on the Model Predictive Control (MPC) approach that brings the vehicle to a complete stop under safe travel distance [3].

V. CONCLUSION

This research mainly focuses on handover scenarios and its challenges and complexity in automated vehicle. This review's key aim is to devise a strategy for minimal risk conditions when encountering emergency situations. To achieve this, we have discussed various functional failures and its proposed handover scenarios and different handover strategies which helps vehicle in safe and smooth TOR transition. Handover scenarios have been discussed for different situations to overcome functional failures.

In the handover strategies, we have considered two fundamental approaches, i.e., Haptic feedback take over control and bringing the vehicle to a safe stop during TOR. Both strategies have their importance and usage. In the future, we will focus on implementing these strategies in the freight handling vehicle FURBOT, which would be essential to have a safe TOR transition and would help the FURBOT travel in an optimized trajectory and safe from its surroundings during its autonomous navigation.

Introduction

Vehicle FURBOT (Freight Urban RoBOTic vehicle) is a complete drive-by-wire electric freight vehicle designed to operate in last-mile delivery operations in an urban environment. The vehicle was part of the European Green Vehicles Initiative (EGVI) funded under the umbrella of the FP7-Transport European project ending in December 2015 [1,2]. The vehicle was completed as an entire drive-by-wire vehicle with the possibility of being upgraded to an autonomous vehicle. Currently, the project is being developed to convert it from a drive-by-wire to a completely autonomous vehicle. Thus, the necessity of autonomous freight collection is generated.

For autonomous vehicle navigation, a mathematical model has been built for performance evaluation of the vehicle [3] which is later used for developing sensor-based strategies for obstacle avoidance [4]. Further automation is achieved by controlling the pallet handling robot using hydraulic pressure-flow rate control [5]. Strategies are built to convert the vehicle from drive-by-wire to a completely autonomous vehicle [6]. Additionally, work on perception and control strategies for autonomous docking of the freight has also been previously studied [7]. This work is the next step in attaining the automation of the vehicle for it to auto-load its freight.

FURBOT has to take part in SHOW (SHared automation Operating models for Worldwide adoption) project where it is required to deliver freight autonomously to customers across an urban area. Currently, the vehicle is not equipped with proper algorithms for the autonomous collection of freight. However, the vehicle will be equipped with autonomous navigation software, which has its own autonomous parking algorithms [8,9]. The autonomous freight collection requires the vehicle to park next to the freight, such that it can collect freight autonomously. For that, a need for generation of correct parking pose Energies 2021, 14, 4677 2 of 15 is required so the already available parking algorithms can maneuver the vehicle to the correct parking pose. Thus, the need for our work.

The role of autonomous vehicles in an urban environment is still being studied, and there is a gap in understanding the role of urban autonomous vehicles in smart urban mobility [10]. Autonomous freight delivery and their adoption in society are in preliminary stages, and surveys are being conducted for their acceptability in the society [11]. Further studies are being conducted to understand the role of autonomous vehicles in logistics [12]. Still, the concept of using manned deliveries for last-mile delivery through autonomous vehicles is being studied [13]. Privately-owned autonomous vehicles not designed for freight delivery are being looked into, and their potential is being discussed [14]. Currently, autonomous freight delivery through a designated autonomous freight vehicle is still a new subject, and the latest research proves that the solution for autonomous freight delivery is yet to be explored.

Freight delivery in an urban environment comes with many predefined constraints, e.g., loading constraints, vehicle routing problems [15] or compartment and order fulfillment related issues [16]. Many types of loading constraints and vehicle routing problems are discussed in [15,17]. Vehicle compartment issues are further divided into the flexibility of compartment sizes, assignment of product types, and share-ability of compartments. In contrast, order fulfillment issues comprise the mode of demand fulfillment and the total number of visits per customer [16]. However, all these logistic issues do not deal with how the freight needs to be loaded in the vehicle, especially dealing with the freight loading autonomously.

The generation of a parking spot for autonomous vehicles has also been studied in-depth in the last decade. Many next-generation vehicles are already equipped with autonomous parking [18]. New research in parking solutions varies in finding niche problems within the vehicle parking solution domain, including vision-based indoor parking [19], parking of fleet of vehicles [20], collision-avoidance-based parking [21] and sensor (Lidar)based parking solutions [22]. However, it is challenging to find parking solutions for freight vehicles, especially for freight loading. The closest work on autonomous parking for articulate vehicles is studied in [23], but it is still insufficient in resolving freight-based parking solutions. As FURBOT is a designated freight handling vehicle, the parking solution for autonomous loading of freight needs to be resolved.

Path generation and detecting correct parking pose for the vehicle are interesting subjects, especially in autonomous vehicles as they need to park by themselves. Usual work on vehicle parking pose estimation comes from parking pose marking recognition [24] or using a camera to detect these markings [25]. Apart from parking pose recognition from sensor feedback, estimation of parking pose requires solving geometrical equations for path generation or calculating current parking pose [26,27]. This research also exploits geometrical equations after freight detection to generate a parking pose that can solve the autonomous freight collection problem.

Electric freight vehicle poses a unique challenge for the creation of parking pose concerning freight for its collection. As it is not possible to make the freight perfectly align with any known orientation before loading the freight. Furthermore, there is a hassle for aligning freight to an orientation each time before loading the freight, even if a solution exists. It is much easier to consider autonomously loading the freight through aligning the vehicle w.r.t the freight. However, previous research in this domain is not available, i.e., the generation of parking pose for a freight handling vehicle for freight collection. Furthermore, the vehicle FURBOT is unique because it loads the freight sideways within itself through its loading bays, unlike typical forklift trucks.

This research is a step towards an autonomous collection of freight for the vehicle, especially the part of creating autonomous parking pose w.r.t freight keeping in line the constraints posed by vehicle FURBOT. Currently, there is no alternative solution for collecting freight autonomously for such vehicles. The ability to create a parking pose w.r.t an inanimate object, which is subject to change its orientation and position, is not Energies 2021, 14, 4677 3 of 15 previously studied and discussed, thus the need of this research. The highlight of this research is creating a parking pose for such a vehicle, keeping in mind the constraints posed by the freight and the vehicle. Finally, testing the results to validate the proposed mathematical modeling for the solution to the unique problem.

In the next section, we discuss the problem and approach to the parallel freight parking issue, discussing the issues concerning freight detection, how the vehicle should be oriented for collection of the freight, and how parking spot should be defined w.r.t freight. Following, in Section 3, the software and control architecture of the vehicle is discussed, focusing on desired parking pose for the collection of freight. In Section 4, a mathematical model for vehicle parking pose is discussed. This section also covers the vehicle kinematic model and mathematical equations and notations for creating the parking pose for each loading bay of the vehicle. Section 5 elaborates on the desired results achieved of the parking pose for each loading bay of the vehicle, and the results are further verified for different freight poses, and the parking pose is validated as per requirement. Finally, in Section 6, the conclusions of the research are discussed.

Problem and Approach

The considered vehicle has to park, keeping the freight on the vehicle's right-hand side for loading the freight through the designed loading bays. There are three core steps in defining the parking spot for the vehicle for the autonomous collection of freight. The critical issues in defining the parking spot are freight detection, the vehicle's orientation, and defining parking spot reference to freight. These issues are further elaborated in their sub-sections below.

Freight Detection

The first step in defining the parking spot for the vehicle for loading freight autonomously is the detection of freight location. The freight vehicle is equipped with 3D LIDAR, which can identify and distinguish freight from the environment as the freight has a unique shape, size and color from the usual environment. Image feedback from an on-board camera is also used to distinguish freight from the environment. The design and dimensions of the vehicle freight box are given in Figure 1 (dimensions in mm), which also show the freight edges (highlighted in red) that need to be captured for correctly identifying the parking spot next to freight. Further dimensions for the freight box are available in [28]. The vehicle can load two freight boxes simultaneously, and because of the dimensions of the freight, it loads the freight from the depth edge of the freight (measuring 800 mm, as seen in Figure 1), as shown in Figure 2. 

Orientation of Vehicle

The next consideration for loading is to park the vehicle next to the freight in such a manner that the vehicle's right side is facing the freight, as shown in Figure 3, since the loading mechanism can only operate from the right-hand side of the vehicle. The maximum tolerance for collection of freight between the freight and vehicle is 300 mm [29]. This limitation, along with the width of the vehicle, defines our parking spot's total width. Furthermore, the vehicle is equipped with two separate loading bays, as shown in Figure 4. The freight has to be loaded in the vacant loading bay, i.e., if bay 1 is occupied, then load the freight in bay 2. As the loading bays are not centrally aligned with the freight, the vehicle has to adjust its parking spot accordingly so that the freight can be loaded in the available loading bay. Furthermore, the freight also needs to be aligned with the center of the forklift of the loading bays (as shown in Figure 4) for the forklifts to be inserted into the freight pallet. 

Defining Parking Spot Reference to Freight

The vehicle dimensions are given in Table 1. The width of the vehicle plus the tolerance to the freight defines the width of the parking space. To maintain a reasonable amount of parking maneuvers (≤3 for typical cases) [30], the length of the parking space is chosen to be 2 m more than the length of the vehicle. 

Vehicle Dimensions (m)

Length Width Height

4 1.5 2 
Taking the loading of the freight and vehicle dimensions into consideration, the overall parking spot defined for the vehicle is a box of 2.1 × 6.0 m, as shown in Figure 3.

Software and Control Architecture

To speed up the development and integration process with the real experimental vehicle, Robot Operating System (ROS)-based autonomous vehicle's software architecture (called ICARS (Software being developed at LS2N (Laboratoire des Sciences du Numérique de Nantes) www.ls2n.fr (accessed on 15 July 2021)) will be exploited (Figure 5). Considering the task to be accomplished, a particular interest is placed on the Multi-Sensor-Based Predictive Controller (MSBPC) used for parking [31]. As the name of the approach suggests, the parking controller is based on a combination of Model Predictive Control (MPC) and Multi-Sensor-Based Control in order to perform safe (collision-free) parking operations that rely solely on locally perceived sensor features signals and without needing to explicitly plan any path. Moreover, since the technique exploits locally perceived sensor features at each time instant, no localization system is inherently required. The MSBPC approach is now recalled. An internal-model-control (IMC) structure [32] is used as a basis for formalizing the MSBPC approach (Figure 6). The robotized vehicle and perception system compose the System block. The input to this block is the control variable v r = [v, δ] T , where the longitudinal velocity is denoted by v and the steering angle by δ, while its output is the current value of the sensor features (i.e., corners of the parking spot). The reference signal s * is the desired value of the output s. General discrepancies between the current sensor features and the values that were predicted from the model (e.g., modeling errors and disturbances) are represented by the error signal :

(n) = s(n) -s mp (n) (1) 
where n denotes the current time.

- [31].

+ s * (n) - + s d (n) Optimization System v r (n) Model + - s mp (n) s mp (n) (n) s(n) Figure 6. Control structure
The difference between the desired value s d and the predicted model output s mp is minimized by an optimization algorithm. Following Figure 6:

s d (n) = s * (n) -(n) = s * (n) -(s(n) -s mp (n)), (2) 
from where one can deduce

s d (n) -s mp (n) = s * (n) -s(n), (3) 
thus, to track s * by s is equivalent to track s d by s mp . The interaction model described in [31] is used in order to predict the evolution of the sensor features s mp over a finite horizon N p . The cost function is to be minimized with respect to a control sequence ṽr over N p and depends mainly on the difference between s d and s mp . As with any classical Model Predictive Control technique, only the first element v r (n) of the optimal control sequence is applied to the system at each iteration.

The controller (implemented in C++) runs online at 10 Hz using the solver NLopt [33] with a Sequential Least Squares Programming (SLSQP) algorithm [34]. Furthermore, it is assumed that both the vehicle's longitudinal velocity and steering angle are controllable; thus, lower-level controllers that directly interface with the actuators are out of the scope of the parking approach.

The simulation inputs are four points generated based on a parked pose and the type of parking spot. This information is then transferred as a topic to the control node, which, in turn, generates a control command as a topic as well. The complete software is constructed in a manner that it is agnostic; it is working in a simulation environment or in a real vehicle.

Therefore, with the experimental vehicle being interfaced with ICARS, two additional ROS nodes would have to be developed: A perception one to extract the freight's pose from sensory data and another one to generate a parking spot next to the freight. Once the parking spot has been successfully generated from the sensory data, the four corners that define it would have to be sent to the ICARS parking controller to park the vehicle in the desired pose to pick up the freight.

Mathematical Modeling and Notation

Vehicle Kinematic Model

The vehicle kinematic model for a rear-wheel driven vehicle as taken from [8] is presented by Equation ( 4). The freight vehicle also follows the same kinematic model for its drive. 

      ẋ ẏ θ φ       =       cos θ sin θ tan φ/l wb 0       v +       0 0 0 1       φ ( 4 

Points Acquisition for Parking Spot

For correctly identifying parking spots for the vehicle, the acquisition of the freight corners (highlighted by red), as shown in Figure 1, is required through sensor feedback. From there, using these points, the freight center point is calculated using Equation (5).

x f c = (x f 1 + x f 2 ) 2 , y f c = (y f 1 + y f 2 ) 2 (5) 
Furthermore, knowledge from these two corner points is also used to calculate the inclination angle θ f of the freight using the Pythagoras theorem (Equation ( 6)).

θ f = tan -1 ( y f 2 -y f 1 x f 2 -x f 1 ) (6) 
Using the width of the parking spot d w and information of the freight center point, the vehicle center point is calculated from the freight using Equation ( 7).

x vc = x f c + d w 2 cos (θ f + 3π 2 ), y vc = y f c + d w 2 sin (θ f + 3π 2 ) (7) 
The above-mentioned points are further explained in Figure 8. Using these points, freight collection parking spots are calculated. This is further explained in the next subsection. 

Parking Area with Respect to Loading Bays

As the vehicle is equipped with two loading bays, the parking spot w.r.t each loading bay is different. To load the cargo in the front-loading bay, the vehicle needs to park a certain distance behind its center point, as shown in Figure 4. If the first loading bay is occupied by the previously loaded freight, then the vehicle needs to park a little ahead of its center point by a distance so that the forks are perfectly aligned with the freight to load the freight in the second loading bay. The center point of the parking spot thus varies depending upon the availability of the loading bay. This is further explained in Equation ( 8).

x pc = x vc + d b1 cos θ f , x vc -d b2 cos θ f , , y pc = y vc + d b1 sin θ f , if bay1 = 1 y vc -d b2 sin θ f , otherwise (8) 
where d b1 and d b2 are the positive distances of loading bay 1 and 2 from vehicle center (measurement shown in Figure 4), and (x vc , y vc ) is the center-point of parking spot. The condition bay1 = 1 denotes the condition of availability of loading bay 1. If bay 1 is available to load the freight, then the first condition applies or else the parking spot is generated w.r.t second loading bay.

After defining the center of the parking spot, the four corners of the parking spot can be defined through Equations ( 9)-( 12) using the knowledge of parking width (d w ), parking length (d l ), angle of the freight (θ f ) and parking center-point (x pc , y pc ). The collection of the first corner of the parking pose requires the knowledge of parking pose width + length. The derivation of equations is based on trigonometric relations and point transformation from the known parking center-point to the first edge of the parking pose. Since all four lines of the parking pose are parallel or perpendicular to the freight, the solution is formed by adding the respective angle (90 • , 180 • , 270 • ) to the angle of the freight θ f for calculation of next point of the parking pose.

x p1 = x pc + d w 2 cos (θ f + π 2 ) + d l 2 cos (θ f + π), y p1 = y pc + d w 2 sin (θ f + π 2 ) + d l 2 sin (θ f + π) (9) x p2 = x p1 + d w cos (θ f + 3π 2 ), y p2 = y p1 + d w sin (θ f + 3π 2 ) (10) 
x p3 = x p2 + d l cos (θ f ), y p3 = y p2 + d l sin (θ f ) (11) 
x p4 = x p3 + d w cos (θ f + π 2 ), y p4 = y p3 + d w sin (θ f + π 2 ) (12) 
The four corners of the parking pose (x p1 , y p1 ), (x p2 , y p2 ), (x p3 , y p3 ) and (x p4 , y p4 ) are the consequent four corners of the parking pose. These points are further explained later.

The summary of the whole pose generation solution is as follows. The vehicle is required to detect freight and acquire the corner points of the freight from the side where it can be loaded. Afterwards, Equation ( 5)-( 12) are solved to get the correct pose for loading freight into the vehicle. The complete process of correct pose generation is further summarized in the flowchart presented in Figure 9. 

Results

By using the mathematical equations and notations discussed in the previous section, the node for the vehicle parking spot was run and tested to verify if the parking spot is generated according to the loading bays. The results are further discussed in the sections below for further clarity. From Figure 10, we can observe that the vehicle parks behind the center-point of the vehicle for loading freight in the first loading bay, whereas it parks a little ahead of its center-point when it is loading freight in the second loading bay. Furthermore, points 1 and 2 show the front end of the parking pose, and points 3 and 4 show the rear end of the pose generated. These results are also in coherence with the physical vehicle anatomy and the mathematical methodology proposed, henceforth validating our results.

Results for Different Freight Placement

As it is not possible to make sure that the orientation of freight is perfectly aligned with any pre-determined reference, the parking spot for the vehicle must be generated automatically, keeping in view the orientation of the freight. This conditional issue has been taken into consideration prior in the mathematical modeling of the parking spot. The code generated is validated for different orientations of the freight (Figure 11) to verify that the correct parking spot is generated irrespective of the orientation of the freight.

The results achieved, as shown in Figure 11, show four different orientations of freight (225, 0, 90 and 135 degrees, respectively) and the respective parking spot generated for each loading bay. The results show that irrespective of the orientation of the freight, the parking spot is generated accordingly for the vehicle for collecting the freight for the available loading bay. Furthermore, the results presented also validate our purpose of generating parking pose autonomously irrespective of the orientation of the freight. The results also show that the vehicle will always park against the freight keeping the freight on the right-hand side of the vehicle so that it can be loaded in the available loading bay, i.e., the heading of the vehicle and loading bay location is always kept into consideration during the autonomous generation of a parking pose. The consideration of the freight w.r.t vehicle is shown by the red line generated from the center of the pose towards the freight (as shown in the figure with the red line). This allows the vehicle to know the direction of the parking pose and the heading angle for the vehicle. The parking pose points generated with the help of Equations ( 9)-( 12) lets the vehicle know the heading of the vehicle as well. Point 1 and 2 depict the points where the front of the vehicle should face, and point 3 and 4 depict the points for the rear end of the vehicle.

Vehicle Parking in ROS Environment

As discussed earlier in Section 3, ROS environment-based software architecture ICARS is exploited to speed up the actual experiments. Using the already developed parking schemes within the software architecture [8,9,31], we can park the vehicle in the designated parking pose. The already built parking algorithms are sufficient for maneuvering the vehicle within the parking pose generated autonomously for the freight collection. Figure 12 shows the time-wise parking maneuver for vehicle FURBOT in the parking pose generated for the freight. Due to the constraint environment, the vehicle cannot park after detecting the freight because it needs to fulfill the requirement to park the vehicle, keeping the right side of the vehicle towards the freight. Thus, the vehicle has to move ahead of the freight and park while reversing, as shown in Figure 12. These results are generated in ICARS software architecture with input from the simulated sensors mounted on the vehicle.

In Figure 12, the orange box depicts the freight placement and location. The green rectangle represents the parking pose generated w.r.t freight. The red trail left behind the vehicle denotes the performed parking maneuver, and the red lines in front or at the back of the vehicle depict the direction and steering angle of the vehicle. The virtual experiment is performed in the already installed maps of ICARS software architecture. The environment is constrained by natural buildings surrounding the area. Furthermore, the parking algorithm can detect and avoid obstacles, e.g., pedestrians, in case the vehicle can detect them [31]. The results validated in the ICARS environment prove that the methodology behind generating such parking pose for autonomous freight collection is valid and resolves the issue for autonomous parking pose generation w.r.t freight.

Conclusions and Perspectives

Research perspectives for this research were to highlight the gap between currently available research and how to resolve autonomous parking for freight collection. For addressing this issue, collecting the orientation and freight location are key values for the proposed algorithm. Using these key values, we can identify the parking pose for the vehicle for it to load the freight autonomously.

Major findings of this research discuss and resolve the issue related to parking the vehicle next to the freight for loading it into the vehicle. The hurdle of generating a parking spot that could lead to the successful loading of freight is looked into. Control architecture and vehicle dynamics were previously built and checked against different parking conditions, i.e., perpendicular, parallel and angled parking. This enabled the research to focus on the parking pose of the vehicle for freight collection. The solution required an algorithm that can define parking pose for our unique problem of loading the freight autonomously. With this research, this issue is resolved.

Concerning the correct pose for autonomous loading in respective bays of the vehicle, detection of freight from the surroundings is required. Once localization of freight is attained, then the proposed mathematical model suffices to generate the correct parking pose for the vehicle. However, the detection of freight and its localization is out of the scope of this research and will be looked into our future work. The parking pose length and width are defined, keeping minimal maneuvers required and distance to freight into consideration.

Considerations are kept for loading the freight in the correct loading bay. Separate parking spots are generated depending upon which loading bay is to be used for loading the freight into the vehicle. Simulating the freight with different orientations and generating the parking spot accordingly is also verified. The mathematical model verifies that if the freight is correctly identified from the environment, the parking spot generated will be correct irrespective of the orientation or location of the freight.

technique. Thus yielding to a much smoother path. In RRT* algorithm, the distance of each vertex is calculated and recorded relative to the parent vertex. After finding the closest node in the path, the neighborhood from the new node is examined with a fixed radius. If a node with a cheaper cost than the proximal node is found, then the proximal node replaces the more inferior node. In this way, we get the shortest path from start to endpoint. This helps in creating a more smooth path for the vehicle to follow. Both (RRT and RRT*) techniques are applied for our mobile robot to get to the freight while avoiding obstacles.

The optimal solution that needs to be selected between RRT and RRT* technique is still under discussion as both methods have their unique advantages. At first, it seems as RRT* technique outperforms the RRT technique. But for formulating a bézier curve on top of the proposed path, it is preferred by the curve fitting method that more points lead to a better vehicle orientation and sometimes a smoother curve. This feature is further discussed in the results presented.

Metric function for RRT and RRT*

While choosing the nearest neighbor q(nearest) as the best input variable, the RRT adopts the nearest neighbor accomplished by the metric function. There are several metric functions used for 2D configuration space. Some of the metric functions, e.g., the euclidean distance method, Manhattan distance metric function, and diagonal distance metric function as taken from reference [4] are given in equations below. For ease of use, we have used the Euclidean distance method to calculate the metric function to find the distance between the q(rand) and q(nearest). With the help of the minimum distance to the q(rand), the new q(nearest) is taken into the RRT tree. The complete pseudocode implemented for our approach is taken from reference [4] and the code implemented uses the same technique as presented in this reference.

Minkowski sum for obstacle avoidance

Minkowski sum is a famous technique used in mathematics for summing two sets of vectors in Euclidean space. We have used this method to avoid any contact with the obstacle from any angle for our collision avoidance scheme. This works because the polygon P, representing vehicle, is placed on the edges of the obstacle polygon Q, and by adding them, we get the vertex of the Minkowski sum of two polygons. This puts a convex hull over the vertex points received from the Minkowski sum. Thus we get the new polygon, and this new polygon is used by the RRT and RRT* algorithm as an object for avoiding a collision. Graphically Minkowski sum can be expressed in the reference [5]. Mathematically, the Minkowski sum is represented by the following equation

P + Q = { x + y | x ∈ P, y ∈ Q} (8.2)
8.3 Results from RRT and RRT* path planning approach RRT is being used for both online and offline planners, but we have considered offline planners as we have a known map with the obstacle. We consider a map grid from x(0,20) and y(0,20), and defining start point for the vehicle is at (2,2) and goal position, i.e., parking pose location for collection of freight at (19,13) for vehicle path planning. The path and RRT Tree is generated avoiding the set of all obstacle. The obstacle placed is at (10,1) with a height and width of 6 meters each.

RRT is relatively straightforward; the points are randomly generated and connected to the nearest node; in our map, the nodes that are generated randomly are marked as 'x'. As shown in the results, the obstacle is placed in a configuration space indicated by a green box. Every time a new vertex is created, the vertex is checked for no collision with the obstacle coordinates, i.e., check if the vertex lies inside the obstacle. The function no_collision returns 0 or 1 where the 0 is determined no collision and 1 if the vertex lies inside the obstacle, which means a tree that would be newly formed between the vertex and parent vertex would colloid with the obstacle and hence vertex lying inside the obstacle is eliminated.

If no collision is determined, a vertex is added to the RRT tree; if it is determined the vertex lies within the bounds of the obstacle, the tree is not created, and a new vertex is made, and the process continues until the start and goal points are connected via path. The algorithm ends when the tree is built between the start and the goal.

Once the tree is generated between the start and goal points, the path is created by connecting every node that connects the start and goals points. This path is thus highlighted in red and hence defines the path trajectory of the vehicle, which the vehicle needs to follow to reach the goal position for its respective freight collection. The total distance the vehicle needs to travel to reach the goal point is calculated based on the vehicle's travel trajectory. Figure 8.1 shows a typical result from the proposed map grid highlighted in the first para. 

Bézier curves for mobile robots

Bézier curves are extensively used in path planning for mobile robots as they usually propose a polynomial-based path which can be easily followed by mobile robots [6,7]. With the help of RRT and RRT* techniques, we were already able to get a path to the goal, which can avoid obstacles using the Minkowski sum. However, the path obtained from the RRT and RRT* techniques is not smooth for a vehicle.

A Path is considered to be comfortable when max curvature value and curvature variations are minimized. Hence the curvature is inversely proportional to angular acceleration and is linked to jerk, a discomfort factor, especially for a vehicle. To eliminate a sharp turn and discomfort factor, splines or curves are introduced in the sharp turns or paths that we have received from the RRT algorithm. This is achieved through Bézier curves for our solution.

The mathematical basis for Bézier curves is based on the Bernstein polynomial. The n+1 Bernstein basis polynomials of degree n are defined as

B(t) = n i t i (1 -t) n-1
where t varies f rom 0 to 1 (

The Bernstein polynomial is based upon the number of points on which the Bézier curve needs to be fitted. Thus, it can not be predefined as the points to goal vary every time RRT and RRT* finds their relative path. The trajectory points received from the path planning algorithm are fed to the Bézier curve function, which then calculates the Bernstein polynomial and finally outputs x and y points of the Bézier curve which we can use as the final path to the goal for freight collection by the vehicle.

Application of Bézier curves on RRT and RRT*

The approach was finally applied to the results obtained in section 8.2.2. on RRT and RRT* paths to check whether Bézier curves fitted the proposed path smoothly. The results obtained are shown in figures 8.3 and 8.4. The blue line in the figures denote the Bézier curve fitted on the path, the red line shows the path obtained by either RRT or RRT* path planning approach, and the green box denotes the obstacle avoided by the vehicle to reach its goal. The results depict the successful implementation of Bézier curves on the path proposed by either of the algorithms. The obstacle has also been successfully avoided for the freight approach; however, vehicle orientation at the end of the proposed path still needs to be resolved for the vehicle to successfully load the freight. For this, the end leg of the path needs to satisfy not only the location constraint but also the orientation constraint for the successful collection of freight. This final issue related to the collection of freight is still being investigated for the completion of this task.

Conclusion

Path planning algorithms developed through the use of RRT and RRT* algorithms are further approximated using Bézier curves so that our mobile robot can follow that course for autonomous freight collection. However, the issue of reaching the final orientation is still yet to be addressed and is currently being investigated. Yet, the progress made so far is quite promising in attaining the goal of autonomous freight collection, considering the previous work done and current milestones achieved.

Chapter 9

Conclusion and Perspectives

Summary of thesis

The software architecture used within the development of the thesis includes extensive use of MATLAB with Simulink environment. The results obtained from the software architecture development are later utilized in ROS (Robot Operating System) environment for developing nodes to perform/calculate specific tasks with the help of Python language. Additionally, for understanding and designing CAD models and to create 3D parts for the vehicle, computeraided drawing software CREO is used.

In this thesis, we worked on multiple aspects of our urban freight robotic vehicle FURBOT for bringing it on the road as an autonomous vehicle instead of the original drive-by-wire state of the vehicle. Immense effort is placed on upgrading the research for freight handling vehicle-based robots, and techniques developed within the thesis are such that they can be applied to any freight handling autonomous vehicle. The thesis primarily focuses on two significant aspects of the vehicle on which the work is formulated.

1. Upgrading of autonomous navigation plus autonomous freight handling capabilities.

2. Technical evaluation and management for upgrading FURBOT into an autonomous vehicle.

Multiple vehicular aspects are looked into to upgrade the autonomous navigation and freight handling capabilities for the vehicle. For addressing the vehicle's autonomous navigation, a mathematical model of the vehicle was built with velocity and steering control to be used in obstacle avoidance schemes built for the vehicle. For independent freight handling, parking pose was defined concerning detected freight to load the cargo into the vehicle correctly. The path planning to the parking pose was also studied using RRT and RRT* techniques, later adapted with bezier curves for the vehicle to follow. Furthermore, a pallet handling robot installed within the vehicle was upgraded for upgrading the freight capabilities in itself.

Technical management for the vehicle included addressing and performing qualitative analysis on the handover strategies for the autonomous vehicle in case of vehicular system failure. Additionally, a comprehensive study in chapter 5 studies further technical aspects of the vehicle, including its amalgamation in the urban environment, including its licensing issues. Also, an in-depth technical analysis was performed to know the vehicle's current state and what it will take to bring it on the roads as an autonomous vehicle. This included an indepth study of software and hardware requirements of the vehicle, plus knowing the use cases for the vehicle to evaluate its performance as an autonomous vehicle working in an urban environment.

The thesis starts by looking at the pre-installed pallet handling robot and addressing the issues of its upgrading. Afterward, the thesis focuses on mathematical modeling of the vehicle for autonomous navigation, followed by devising schemes for obstacle avoidance for slowmoving vehicles based on vehicle velocity control. Then the thesis focuses on the technical management of the thesis focusing on its licensing issues, technical upgrading issues, including software and hardware upgrade, and finally moves on to analysis on handover strategies. Afterward, the thesis focuses on autonomous development of parking spots for freight collection of the vehicle and then finally concluding the thesis with developing schemes for an approach to the freight. Most of the work carried out for this thesis is carried out and validated in a simulated environment.

The conclusive summary of a thesis includes the development of methodologies and strategies for the freight-based robotic vehicle which were not previously present for the system. With the help of the basis provided within this thesis in their specific chapters, upgrading the vehicle towards an autonomous vehicle capable of handling freight autonomously will be more effortless and smooth. The issues addressed within this thesis were necessary for upgrading the vehicle to an autonomous vehicle that can efficiently perform its designated specific task of last-mile delivery. Particular focus is placed within this thesis to keep the vehicle's integrity as freight handling robotic vehicle intact.

Perspectives

The way forward to achieving an autonomous freight-based vehicle presented in this thesis is not complete. Thus the work presented in this thesis can be considered as work still in progress. We proposed multiple aspects of the freight-based vehicle, discussing how to proceed further to automate the discussed mobile robot. Thus this work is compiled on a different aspect of the said vehicle. Within each chapter, an effort is made to complete a task for the vehicle, which can create a further way forward for the development and enhancement of the vehicle.

In this thesis, we devised methodology and mechanisms for autonomous vehicle navigation and autonomous freight handling capabilities. We are also doing an in-depth analysis in the domain of vehicle technical management. This work can also be considered in the direction of the development of the vehicle's digital twin. In this document, we mainly presented three main ideas on which the work was carried out. It is for certain that as time progresses, new ideas have constantly been generated to complete the vehicle's journey to an autonomous vehicle. The perspective on these ideas is discussed below.

Autonomous Navigation: In the research carried out in this thesis; we focused our work on autonomous navigation of the vehicle. We initially designed the digital twin for the vehicle with the help of the mathematical model proposed. This was also infused with steering and velocity control of the vehicle. Later on, we modeled four different obstacles and developed techniques for avoiding collision or adjusting speed when engaging obstacles using velocity control for the vehicle.

Autonomous Freight Handling: Autonomously handling freight for the vehicle was one of the main focuses of this thesis. We placed special focus on this topic and performed research in multiple aspects to handle this issue. The highlights of our research in this direction are:

• Upgrading the already pallet handling robot installed on the vehicle for loading/unloading the freight into/from the vehicle.

• Generating parking spot/pose for the vehicle next to the freight using information gathered through sensors to collect the freight autonomously.

• Developing path planning algorithms (RRT and RRT* algorithms) that can avoid obstacles and reach the goal (parking spot) for freight collection.

• Smoothening the path received from RRT and RRT* algorithms using Bézier curves so the mobile robot can easily follow the course.

All the work mentioned above was completed/partially completed to increase the vehicle's autonomous freight handling capabilities.

Technical Management of Vehicle: To address the technical management of the vehicle. Two main issues were highlighted during this research. One on how to manage handover techniques in case of vehicular failure. For this, we performed qualitative analysis on the handover techniques which are currently being applied and tempered them into the needs of our vehicle.

Another issue was on how to convert the vehicle from a drive-by-wire vehicle into an autonomous one. For addressing this issue, numerous aspects were looked into. In which the current state of the vehicle was discussed, the expectations and requirements of the vehicle from an autonomous vehicle perspective were looked into. Use cases were studied, plus the terrain in which the vehicle needed to perform was also explored. Most importantly, licensing issue for the vehicle was addressed as the vehicle is unique; it requires a proper license to be able to drive on European roads. Finally, we addressed the hardware and software requirements that the vehicle needs for it to be able to convert itself from drive-by-wire to an autonomous vehicle.

Future research

As discussed in the perspectives section of this chapter, the work on the vehicle is still ongoing. Thus, a lot of work can be done on the vehicle for its final amalgamation in the urban society. Therefore it is safe to say that several aspects of the project conducted can be improved. Some of these aspects are presented for the vehicle, which can further enhance the vehicle's autonomy.

At first, if we look at the autonomous navigation side of the vehicle, so far in this research, the controllers used are PID controllers, and not a comprehensive study is performed on the selection of the suitable controller. For example, model predictive controllers (MPC) tend to be more favorites for autonomous vehicles. Furthermore, the model built does consider the steering control. Still, a proper path planning algorithm that favors real-life scenarios can enhance the conceptualization of the vehicle trajectory, which is currently missing in this research. Moreover, with the help of the actual sensor's feedback, e.g., from 3D Lidar, we can construct real scenarios and experiment on the vehicle's autonomous navigation.

Immerse work is already performed on autonomous freight handling capabilities of the vehicle, yet experimental testing on the proposed algorithms is still missing. A lot of work can be done to detect the freight from the environment using Lidar or camera-based data feedback.

Correct detection of cargo is crucial in creating the path to the freight for loading freight autonomously. Furthermore, the work presented in this research can also be carried forward for conclusive results on path planning and path following of the vehicle. Experimental evidence on the proposed techniques is also a way forward in this research.

The technical management side of the vehicle is exceptionally vast. Finding the solutions for the vehicle is one part of the research, whereas solving those issues and presenting the vehicle in an urban environmental setting is work in its domain. Applying the proposed techniques to the vehicle will yield additional problems and thus a new research direction.

Continuation of this research will yield more research horizons as it will unfold new problems requiring new innovative solutions. Finally, the list of proposed future research is not exhaustive. There is much more margin of improvement, especially in freight handling robotic vehicles, as this side of research is still comparatively new.
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 1 Figure 1. Overview of the hydraulic systems installed in FURBOT.
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 2 Figure 2. Hydraulic supply of FURBOT.

Figure 3 .

 3 Figure 3. Hydraulic forks.
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 8 Figure 8. (left) IXXAT USB to CAN, (right) open-source Serial to CAN.
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 9 Figure 9. Back of FURBOT.
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 10 Figure 10. Mathematical model schematics.
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 11 Figure 11. Simulation results.
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 12 Figure 12. Zoomed view of pressure rise.
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 13 Figure 13. Pump running at 1400 rpm.
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 14 Figure 14. Pump running at 1000 rpm.
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 15 Figure 15. Pump running at constant pressure (130 bar). The typical results collected from the pressure loop are presented in Figures 16 and 17. To validate the pressure control loop, two separate experiments were performed at different pressure set points (100 bar and 120 bar). The satisfactory results obtained from Figures 16 and 17 enhance the reliability of the PID pressure loop controller, thereby increasing its robustness.
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 16 Figure 16. Pressure loop at 100 bar.
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 17 Figure 17. Pressure loop at 120 bar.
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 18 Figure 18. Speed step test.
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 19 Figure 19. Pressure loop at 70 bar with an inefficient pump.
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 20 Figure 20. Bi-state regulator results.
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 21 Figure 21. Second experiment of the bi-state regulator.
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 1 Figure 1. Demonstration area for Freight Urban Robotic Vehicle (FURBOT) in Trikala/Greece (Source street view, google maps [17]).

Figure 2 .

 2 Figure 2. Traffic signal output.
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 8 Figure 8. PANDARXT LiDAR placed on top middle with 0.5 m elevation from vehicle top-base.
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 10 Figure 10. Street view of demonstration area with few identifiable hurdles (source street view, Google Maps [46]).
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 11 Figure 11. Street view of clear setting of demonstration area in Trikala/Greece (source street view, Google Maps [46]).
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  Approach the pallet using GNSS, RFID and LiDARs autonomously in the loading bay • Collect the pallet by parking right next to the pallet and initiating fork mode for collection • Deliver the freight at designated undocking location, mainly with the GNSS location of the designated shop • Collect the empty pallet at the designated shop using GNSS, RFID and LiDARs same way as in the loading bay • Unload the empty pallet at the designated location in the loading bay
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 7 Figure 7. (a) Vehicle kinematic model. (b) FURBOT vehicle.
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 8 Figure 8. Point definition for parking spot.
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 9 Figure 9. Flowchart for parking pose generation.

5. 1 .

 1 Parking Spot Definitions w.r.t Loading Bays The results are first validated for generating the respective parking spot for front and rear loading bays. Figure 10 shows the output of parking pose generated for randomly positioned freight at a 45 degree angle. The blue-colored text represents the points for the parking spot definition concerning the front loading bay, whereas the red-colored text represents the parking spot concerning the rear loading bay. The red line from the parking spot center towards freight represents the right-hand side of the vehicle, thus specifying the heading of the vehicle.

Figure 10 .

 10 Figure 10. Parking spot with respect to loading bays.

Figure 11 .

 11 Figure 11. Parking spot relative to oriented loading bays.

Figure 12 .

 12 Figure 12. Vehicle parking w.r.t freight at different time intervals.
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 81 Figure 8.1: Result from RRT path planning approach

Figure 8 . 2 :

 82 Figure 8.2: Result from RRT* path planning approach
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 8384 Figure 8.3: Bézier curve fitted on RRT path

  

Table 1 .

 1 Velocity controllers

		Controller values		
	Controller type	Error amplification Proportional gain Derivative gain
	Traction power control 500	20	1
	Braking power control	1	80	0

Table 1 .

 1 Type of obstacles present in simulated drive.

	Obstacle	Number of	Time In-Front	Distance In-Front
	Type	Obstacles	of Vehicle (s)	of Vehicle (m)
	Traffic light	1	Dependent on light	From 20
	Stationary/Human	5	2∼30	2∼20
	Speed Breaker	1	NA	From 20
	Slow vehicle	1	5∼60	From 20

Table 2 .

 2 Velocity controllers.

			Controller Values	
	Controller Type	Error	Proportional Integral Derivative
		Amplification	Gain	Gain	Gain
	Traction power control	500	20	0	1
	Braking power control	1	550	6	0

Table 1 .

 1 Vehicle components mass breakdown.

	Vehicle Mass Comp. (kg)	Chassis 500	Forklift 180	Body cover 300	Aux. comp. 110	Battery 200	Tires 25	Total Mass (kg) 1300

Table 2 .

 2 Vehicle dimensions in meters.

	Vehicle Dimensions	Length	Width	Height
	(meters)	4	1.5	2

Table 3 .

 3 Velocity and steering controllers.

	Controller Values

Figure 7. Vehicle velocity adjustment.

Table 4 .

 4 L7E-CU Classification.

	Category	Category Name	Common Classification Criteria
			only designed for the carriage of goods with an open or enclosed loading bed,
			virtually even and horizontal loading bed that meets the following criteria:
			1.	Length loading bed x width loading bed ≥ 0.3 x Length vehicle x Width
				vehicle or
	L7E-CU	for utility purposes Heavy Quadri-mobile	2.

Table 5 .

 5 Technical aspects of L7E-CU.

	Weight Limit	Max. Velocity Limit	Max. Engine Power Dimensions L × W × H
	≤600 kg capable of			
	maximum 1000 kg load. This mass limit excludes the weight of the	≤90 km h -1	≤15 kW	≤3700 mm 1500 mm 2500 mm
	batteries			

Table 6 .

 6 N1 sub-classes definitions.

	Class	Euro 1-2	Reference Mass, RM	Euro 3
	I	RM ≤ 1250 kg	RM ≤ 1350 kg
	II	1250 kg < RM ≤ 1700 kg	1350 kg < RM ≤ 1760 kg
	III	1700 kg < RM	1760 kg < RM

Table 7 .

 7 Comparison of 3D LiDARs.

	Sr. No	Company	Product	FOV (Vertical)	FOV (Horizontal)	Frame/Rotation Range Rate (Hz) (m)	Price

Table 8 .

 8 Vehicle infrastructure for demonstration.

	Demonstration Location	Operational Speed	Connectivity	Automation Level	(	TRL

pre-demo-full demo)

  

	Trikala/Greece	15 km h -1	5G/4G OR Fiber optic network	4 (within the project, from current 3)	6 → 7

TABLE I :

 I Automation level defined by SAE[4] 

	Automation	Name	Monitoring	TOR of
	level		of Driving	driving
			environment	task
	0	No Automation	Driver	Driver
	1	Assisted	Driver	Driver
	2	Partial Automation	Driver	Driver
	3	Conditional Automation	System	Driver
	4	High Automation	System	System
	5	Full Automation	System	System

•

  To understand humans alertness over driving task, a glance analysis is performed, which is based on the evaluation of the driver's cognitive engagement during Take over Request. Cognitive engagement is based humans pupil diameter, glance duration, and Area of Interest [1] [12].

Table 1 .

 1 Vehicle dimensions in meters.
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FURBOT Freight Urban Robotic Vehicle SHOW SHared automation Operating models for Worldwide adoption Hence, while designing a handover strategy for an automated vehicle, it must give sufficient time for the driver to take over control.

A new challenge arises in ensuring a safe takeover request transition while switching back to driving task from the different mental state of driver [3]. This problem requires new research and design by considering the driver's readiness, attention, workload, and driving trajectory [2], [3].

To develop a handover strategy, it is important to know failure situations and different scenarios where handover control is most required [2]. Table II describes several system failures and the scenario that will follow [5].

Fig. 1: Handover strategy module in ADS model [5] In the handover strategy model, input is the detected failure, and the output corresponds to the fallback scenario given to the decision module, which turns out to be a fallback strategy. The refresh is initiated once the error code changes [4]. The figure 1 shows the handover strategy model. This review aims to study the techniques used for handover or take over the suitable request to be implemented on FURBOT.

The work carried out is a step forward in automation for freight handling vehicle FURBOT for its participation as an autonomous vehicle in project SHOW. For vehicle autonomous navigation, a mathematical model has been built [6] which is further developed for sensor-based strategies for obstacle avoidance [7]. Further automation is achieved by controlling the pallet handling robot using hydraulic pressure-flow rate control [8]. Strategies are built to convert the vehicle from drive-by-wire to a completely autonomous vehicle [9]. This work is the next step in creating handover strategies for the autonomous vehicle in case of operation failures.

In the next section we discuss challenges during takeover transition based on the various factors while driving a level 3 automated freight handling vehicle. In section 3, haptic takeover framework is reviewed. Section 4, complex problems and variables faced during an automated driving system and its implication are presented thus leading to the conclusion of our research.

II. AUTOMATION CHALLENGES AND COMPLEXITY

The next milestone in the automobile industry is level 3 automated vehicles. However, few companies like Ford have shifted their focus in developing level 4 or higher-level automated vehicles instead of level 3. The crucial reasons for this decision rely on the interference of humans in level 3 automation [1].

Taking control over an autonomous vehicle is a complex process where human driver is required to be aware of the emergency situation.

This research describe various circumstances that contribute to complexity:

• Reduction in driver awareness due to possible boredom/road dullness associated with autonomous driving. • The time taken by the driver to react from NDRT (nondriving-related task) to take over control [30].

A. Objective Complexity

Objective complexity refers to system's essential properties. For handover, there are factors that not only depend on the driver's perception but also the objective situation [10]. The factors used to determine objective complexity for takeover request [1] are given below. The main distinctive factor for the vehicle while demonstrating level 4 autonomy is the autonomous collection of freight which sets an electric freight vehicle apart from conventional vehicles. With the help of a previously designed parking controller, the identification of the freight through sensor's feedback and the definition of parking pose through this research, the vehicle can now align itself with the freight for autonomous collection of freight, increasing the level of autonomy of the vehicle. This research will help to create an alternative approach for parking pose generation, especially in reference to an inanimate object. Researchers working in developing autonomous freight handling issues can directly benefit from this research. This research can further be used in developing parking pose algorithms where it might be necessary to park against an inanimate object, e.g., a bus stop or a door to a facility/delivery location. Currently, there is an unavailability of previous research in this field and solutions, where being studied might require continuous input from sensors in order to achieve the eventual goal where sensor output has to achieve an eventual goal to find a solution. This solution requires comparatively minimal input from sensors (for identification and localization); once attained, it does not require keeping on checking with sensors' feedback.

Future work involves the use of correct sensors (3D-Lidar in particular) for extracting information from the freight from the environment. This includes extracting data through 3D-Lidar's point-cloud data and reconstructing the freight in a virtual environment. Afterwards, the information from point-cloud data will extract the orientation and freight corner points. This perception module will help us extract the freight pose, which will later be used by the parking pose module for the autonomous generation of a parking spot regarding the freight.
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Introduction

This chapter discusses the autonomous approach to freight for loading the freight to the vehicle. The vehicle needs to develop an autonomous path to approach the freight for the necessary collection of the load. This chapter is done in collaboration with a Master's Robotics students working at the University of Genova, Italy, who is being supervised and his efforts are appreciated in creating this work.

Path planning for an approach to a target is a known research topic in robotics. Path planning algorithms are mainly divided into two main categories, classical algorithms and heuristicbased algorithms [1]. Classical algorithms are further classified into four major branches; cell decomposition methods, potential field methods, sampling-based methods, and sub-goal networks [1]. The most famous sampling-based methods for path planning algorithms are probabilistic roadmaps (PRM), and rapidly-exploring random trees (RRT) [2]. Both of these techniques are fundamental in their approach, i.e., the idea of connecting randomly sampled points, but they are very different in how the graphs are constructed connecting other points of the proposed path [3]. We selected RRT and RRT*, a derivative of the RRT approach for solving our path planning issue for ease of use. Afterward, bézier curves are fitted on the path planning algorithm for the approach to be more realistic for a four-wheeled mobile robot. All this is further explained in the sections to come.

Rapidly-exploring random tree (RRT and RRT*)

RRT-based path planning is considered for motion planning for the vehicle for the collection of freight and reaching the requisite parking pose. The rapidly-exploring random tree is designed for problems that have non-holonomic constraints. RRT has some features and properties as a probabilistic roadmap, leading to better performance analysis and consistency of behavior. RRT is a motion planning algorithm based on random sampling. The whole configuration space or the map is rapidly explored by expanding branches from the neighboring node to the random target.

The main disadvantage of using the RRT technique is that due to the randomness of the technique, the proposed solution can be a zigzag solution; thus, it will not be optimal. A tweak in the RRT technique resulting in the RRT* algorithm is more optimal to resolve this issue. RRT* basically tries to smooth the tree branches produced in each step of the RRT