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Abstract: In the context of automation and digitalization technologies and due to the existing
trends of re-urbanization, autonomous vehicles for execution of services such as package delivery,
transportation, vegetation care and street cleaning are considered innovative solutions. This paper
presents a concept and implementation of a system developed to plan and deliver packages within
pedestrian areas, using autonomous vehicles. The novelty of the system lies in the systematic view
of this use case, which considers all stakeholder views from the CEP (courier, express, and parcel
services) provider, traffic participants, and customers and where the technical and technological
innovation is guided by interactivity with the users. This work outlines the design and integration of
user interaction, the developed vehicles within the fleet designed for operating within pedestrian
environments, and localization and navigation strategies. After the vehicles were approved and
certified from a technical point of view to operate in pedestrian areas, the entire system was tested
and evaluated in a new city district of Heilbronn with approximately 800 inhabitants. In the last six
weeks of experiments, 572 packages were delivered in an autonomous way. The interactive way of
planning and executing services on demand led, according to a market study in Heilbronn, to an
increased acceptance of the users for autonomous package delivery services from 76% to 91%.

Keywords: autonomous package delivery system; interactive mission planning; localization and
navigation in pedestrian environments; smart city

1. Introduction

Approximately one-third of urban traffic is commercial traffic [1]. Package delivery
services are performed with heavy vehicles that are often powered by a combustion engine.
The driver is also the one that delivers the package to the client, while the vehicle is parked.
This causes traffic congestion, emissions, and noise pollution. Furthermore, logistical
requirements are characterized by a special heterogeneity through a changing society, the
possibility of online orders and on-time deliveries, individualization of customer demands,
and increasing economic pressure on logistics service providers, especially due to a lack of
space and delays related to road congestion, but also due to more and more limited staff
availability. Another aspect is the pressure on the local administrations to restrict, or even
prohibit, the access of vehicles within pedestrian areas in order to “give back the city to
its inhabitants”. Therefore, urban logistics are considered to be a very demanding topic in
the future. Thus, the selection of delivery vehicles, the design of logistics processes, and
customer interaction are factors that lead to a wide range of requirements that delivery
vehicles must meet. The use of small autonomous electric vehicles organized in fleets has a
great potential to improve urban logistics [2]. The needs of customers and the pedestrians
interacting with such vehicles must have a higher priority over system optimization from a
technical or mathematical point of view.
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The outline of the paper is as follows: Section 2 presents a brief ‘state of the art’
regarding logistic planning for delivery services, existing vehicles, and robots operating
in pedestrian areas, as well as localization and path and trajectory planning possibilities.
Section 3 describes the concept and implementation of the interactive mission planning
system. In Section 4, the electric vehicle, transformed into an autonomous vehicle, is
presented. Section 5 shows the localization method, and Section 6 shows how the path and
trajectory planning is performed. Section 7 describes the pedestrian environment and the
results obtained using the developed system for package delivery. Conclusion and further
work are expounded in Section 8.

2. State of the Art

The conducted research has an important impact in four research fields: mission
planning using autonomous vehicles, development of these vehicles, localization, and path
planning. For each of these research fields, the related work is briefly discussed.

2.1. Fleet and Mission Planning

Research regarding applications of autonomous vehicles with fleet planning started
back in the 1990s, e.g., the Martha project [3], where the objective was to control a large fleet
with 10–100 autonomous vehicles for container transport missions in ports, airports, and
yards. Other examples were published in [4], where a fleet of autonomous vehicles provided
services in a hospital, or in [5], where Amazon developed its first fleet of autonomous
vehicles operating in freight depots. New concepts for mission planning for a fleet of
autonomous vehicles were also presented in [6], where an evaluation of the results was
made in virtual simulation environments. The main courier companies, such as DHL, have
also conducted research in the field of package delivery with autonomous vehicles [7]
and, together with research institutes, aim at improving logistics services [8]. Start-up
companies have presented concepts and products in this field, e.g., Starship [9], Marble [10],
and Neolix [11]. With regard to user integration in the task planning process, the current
state of the art provides concept-level ideas that have not been put into practice [12,13].

Mission planning of transportation vehicles is usually carried out using a customized
solution of the traveling salesman problem [14,15]. A possible customization approach was
presented in [16], where each recipient had, for each mission, an execution time interval
specified from the beginning. The disadvantage of such solutions is that all data are
specified before planning and the customer is not involved in the planning process.

In the beginning of the presented research project, very few systems for delivery
services existed. The number of such systems increased and can be categorized first into
systems with one delivery per mission (Amazon’s Scout [17], Robby [18], Kiwibot [19],
Eliport [20], TeleRetail [21], BoxBot [22], and Starship [9]), where, after each delivery, the
robot returns to base. For the execution of these services, small robots driving on sidewalks
are mainly used. For parcel delivery services this is inefficient. The loading of each single
package on an autonomous robot is unrealistic. The second category comprises bigger
robots with more boxes. One example is the Nuro R2 [23]. With its four storage boxes, it
can be used for a maximum of four deliveries per mission. The efficient usage for delivery
services is also not really reflected. Furthermore, the ability of the Nuro system to operate
in pedestrian environments is not clear.

2.2. Developing of Autonomous Vehicles for Pedestrian Areas

Research in the field of autonomous vehicle navigation and execution of services in
pedestrian environments began in 1998/1999, when robots were developed to operate in
large indoor spaces such as museums, as guides for visitors [24–26].

For outdoor pedestrian environments such as central areas of cities, research results
began emerging in 2009 [27], where a robot was developed in order to navigate with the
help of directions given by people. The URUS project dealt mainly with the development
of robot navigation strategies for performing inspection services in outdoor pedestrian ar-



Electronics 2022, 11, 748 3 of 34

eas [28,29]. This project also focused on robot–infrastructure communication. Later, through
the EUROPA project, the Obelix vehicle was developed [30], focusing on navigating in
pedestrian areas without infrastructure or external communication. This vehicle managed
to autonomously navigate a route of approximately 7 km in the center of Freiburg. Later
on, in 2016, service on demand was considered in the autonomous execution of services,
e.g., for passenger transportation services within a park and on university campus [31] or
for coffee delivery services on the university campus, presented by the authors of [32].

A key factor regarding the navigation and service execution of autonomous vehicles is
their safety. Concepts related to autonomous vehicle safety systems have emerged before
they were able to navigate from one point to another in urban environments. In 1998,
Volkswagen presented a first organizational and software approach to this topic [33] and
the first form of a safety standard. Later, in the early development phases of advanced
assistance systems (ADASs), safety concepts were the basis for their development as
series products [34]. Here, the system parameters are continuously monitored, and if the
system does not run at normal parameters, a routine is run that will bring the system
into a safe state. In 2011, the ISO26262 standard for the functional safety of electrical and
electronic systems of road vehicles [35], which was updated in 2018, was launched. The
standard provides regulations for the entire development process, starting with the concept,
continuing throughout design, production, operation, and service periods and the end of
the operational use. Safety functions must ensure that the system is always in a safe state.
The system is in a safe state when there is no unreasonable risk [35]. This risk is determined
by the likelihood of an accident and the severity of injury in the event of its occurrence.
For an autonomous vehicle to operate in a public space, a safety driver is needed in case
of an emergency [36]. Starting in 2016, more and more states have introduced, in their
road traffic laws, permission to use autonomous vehicles in urban space, thus encouraging
the development of prototypes in pilot projects, respecting safety standards: NCSL [36],
Connected Automated Driving [37], and KO-HAF [38]. The authors of [39] present a safety
concept analysis used for production of autonomous vehicles in different scenarios (valet
parking, interstate pilot, and service on demand). The conclusion is that, due to multiple
situations that may arise and where the system needs to perceive the environment, no
system is 100% safe. In research projects, according to the Vienna Convention, there is
always a need for a supervisory driver for safety. For pedestrian areas, a concept and its
implementation in real vehicles were published by the authors [40].

2.3. Localization

For the localization process, the odometry of an autonomous vehicle using internal
sensors is indispensable. Due to accumulated errors over time and an unknown initial
position, this must be combined with other localization methods. The localization process
can be carried out using a digital map, where external sensor data are matched. In this
case, errors can occur, especially when the map has identical portions. For this type of
localization, the scan matching method is usually used, where the current sensor data
are compared to the data provided by the digital map. Estimation can be conducted by
probabilistic methods [41,42]. Localization can also be achieved by using landmarks placed
in the operating environment that can be detected by external sensors. The vehicle position
is determined by triangulation or trilateration techniques [43]. In many applications, a
GNSS (Global Navigation Satellite System) [44,45] is used in the localization process. This
ensures global localization by providing an absolute position, whose accuracy depends on
the accuracy of the signal. Probabilistic methods derived from the Bayes filter are used
to improve the global localization and are currently already integrated in the hardware
of GNSSs [46]. In recent studies, machine learning methods have been examined, but
these learning-based methods require representative data that do not exist for pedestrian
environments [47]. An extensive survey regarding the state of the art of localization
techniques and their potential use for autonomous vehicles was conducted in [48].
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2.4. Path Planning

The current state of the art regarding path planning is widely described in the lit-
erature [49–51]. Starting from the configuration space and the state space, planning is a
complex computational process that determines the space of actions, which usually takes
place in two stages: path planning and trajectory planning. Path planning determines the
points that must be traveled by an autonomous vehicle to reach the destination. For global
path planning, a digital map of the operating environment is used. This map might contain
the corridors used for path planning. Trajectory planning is based on this path and takes
into account the kinematic model of a vehicle and the characteristics of the actuators. The
trajectory finding algorithm operates only in a restricted state space defined from the begin-
ning by means of an area around the vehicle. A planner transforms the data associated with
the trajectory (path) into motion commands at the execution level [50]. A quality evaluation
of the solution found by the planner can be conducted by measuring the distance traveled
between the start and destination configuration, by the time required to travel, or by other
parameters depending on the task to be performed (e.g., comfort) [50,51]. Examples of
algorithms for path planning include rapid random tree (RRT) with variant RRT-2 [52],
A* with variant ARA* [53], or lattice type [54]. Algorithms for trajectory planning include
probabilistic roadmap (PRM) [55] or rapid random tree [56] for optimization, the method
of potential fields that has the local minima problem [57], or the time elastic band (TEB)
algorithm [58]. The field of trajectory planning in pedestrian areas is very vaguely studied
in the literature.

2.5. Conclusions

The current mission planning methods in logistics are usually based on the traveling
salesman problem. These methods optimize the plan according to the minimum traveling
time or distance. The users cannot specify an exact delivery time to be considered with
high priority in the planning algorithm. Moreover, ordering/delivery systems do not offer
an immediate response after the request is made. The integration of people (stakeholders)
in the planning process is therefore a key element that might play an important role in
increasing the acceptance of autonomous vehicles that execute the services they benefit.
Market solutions using small robots do not come into question because they can only carry
one (small size) delivery and return to base to load for the next delivery.

Another aspect is the development of the autonomous vehicle fleet itself. Having
a vehicle that already executes the services operated by a human driver, the idea is to
establish a transformation methodology to change such vehicles into autonomous ones,
and safety plays an important role in this transformation.

Vehicles must precisely localize themselves in the operation environment and be able
to navigate through it, even if the vehicles are surrounded by pedestrians. Due to the fact
that there is little available representative data, learning-based methods are, at the moment,
less feasible for localization in pedestrian areas.

Global path planning has to be consistent with the mission planning. In case of an
inconsistency, delays in the execution of the service might occur, which will ultimately lead
to a decrease in acceptance among the beneficiaries. In terms of acceptance, pedestrians that
do not benefit directly from the service execution must also be regarded as stakeholders.
Since they are not used by autonomous vehicles and cannot predict the functionality and
operation strategies of these vehicles, the local path and trajectory planning must result
in an intuitive behavior and movement of said vehicles, disturbing pedestrians as little
as possible.

3. Interactive Mission Planning

Starting from the four research areas exposed in the state of the art, the first one is the
mission planning of services, where new requirements are needed in order to integrate
stakeholders into the planning process.
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3.1. Requirements

Autonomous vehicles operating in pedestrian areas are mainly dedicated to services
specific to these environments, such as parcel delivery, passenger transportation, vegeta-
tion care, grass mowing, snow removal, street cleaning, sanitation interventions etc. The
existing algorithms and methods to plan such missions do not consider the beneficiaries.
Their integration in the planning process would increase the acceptance for services us-
ing autonomous vehicles. Therefore, a new logistics planning system was designed and
implemented. The system must be able to constantly interact with users and to respond im-
mediately to their requirements. Furthermore, customers must be able to easily specify the
mission execution parameters, receive immediate responses to requests, and be constantly
informed about the stages of the mission’s execution. For this kind of interactive system,
the following criteria were defined:

- Processing requests according to the first come, first served principle with the generation
of immediate responses.

- If the request cannot be fulfilled, the system provides customers alternative options
available for a short period of time, allowing the customer to choose one of them or reject
them and make a new request.

- Optimizing the route in relation to the traveled distance or the required time to complete
the mission. If the optimization is based on time, a history of the performed routes is
required, as well as a classification according to the parameters regarding the weather
conditions (season) and the time period (day and time or rush hours).

- Prioritization of requests ensures the execution of a request between two existing requests.
- Permanent interaction between customers and vehicles; the clients can observe an au-
tonomous vehicle without interruption and can interact with it. For missions such as
parcel delivery, it is indicated that the beneficiary can pick up the package if the vehicle is
in its vicinity, even if no request was made.

Finding an optimal algorithmic solution respecting all of the established criteria is
often difficult, because their effects are often contradictory. Thus, it is necessary to design a
hierarchical system where the interaction with users has a higher priority than the optimal
execution time or traveled distance criteria.

3.2. Concept

The concept (Figure 1) designed, developed, and implemented to allow this interaction
has a general character and can be used for a wide range of services with vehicles organized
in fleets. In order to request the execution and tracking of a mission, customers have
at their disposal a client application module with a graphical interface that can run on
different devices (smartphone, tablet, or computer). The clients are registered in the client
and services management subsystem, where their personal data, together with the associated
requests, are stored in a database. This subsystem forwards the request, together with
the list of vehicles that can execute the service, to the mission planning and supervision of
service execution subsystem. The functions of this subsystem include receiving the request,
planning the mission for an autonomous vehicle, generating the response for the customer
request, supervising autonomous vehicles regarding the fulfillment of the mission, and
informing the customers about the state of the execution. A message broker, which saves
the requests if the planning subsystem is not active, can be used to communicate between
the two subsystems. The operation of the planning and supervision of the service execution
subsystem is monitored by an operator from the logistic center for monitoring who has the
ability to intervene using a graphical interface in the mission planning and execution
process, such as in case of damage or accidents. Thus, the logistic center for monitoring
can correlate and monitor the planning stages, view the schedule of each vehicle, request
changes to the planned and ongoing missions, etc. The clients and service management
subsystem communicates with third party subsystems, which can include servers from the
administrative unit of the pedestrian area, bank servers, etc.
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Figure 1. Architecture of the interactive mission planning system with a vehicle for different service
types: (a) package delivery; (b) person transportation; (c) garbage collection; (d) grass mowing;
(e) vegetation care; (f) street cleaning.

There are two ways in which a request can be performed. First, the customer makes
the request using an interface mounted on an autonomous vehicle and the beneficiary of
the service is informed and decides the execution parameters. These are transmitted to
the client and service management subsystem. Second, the customer makes the request
through the client application, installed on a mobile device (phone or computer), choosing
the service from a list provided by the graphical interface.

3.3. Implementation

The general architecture (Figure 1) was implemented for parcel delivery services in a
real pedestrian environment. In this environment, the access of road vehicles, including
delivery vehicles, is prohibited. Figure 2 presents the implementation of the developed
planning system. The main component of the system is the planning and supervision of
service execution subsystem, which runs on a server and has its own database in which the
mission schedule of autonomous vehicles is represented. Communication with autonomous
vehicles and the logistics center for monitoring is achieved through a secure TCP protocol.
The subsystem communicates with the clients and service management subsystem using
the ActiveMQ message broker [59] to receive requests in the form of java messages (JAVA)
and responds through representational state transfer (REST) calls [60] to these requests.
Communication between these subsystems occurs in a private network (VPN), and the
separation of the two servers is implemented for cyber security reasons. The server for
clients and service management is the only subsystem that can communicate outside this
VPN. This subsystem retains in a database the information of customers and the associated
performed missions, sends requests made by customers to the server of planning and
supervision of services, and informs them about the status of the planning and execution
of missions.
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Figure 2. Implementation of the interactive planning system for delivery services.

The customers make their requests using the web application (progressive web app [61])
shown in Figure 3, which can run on any device with an installed browser. The development
of the application was carried out together with the customers of the system in order to
increase acceptance among them [62]. Communication with customers takes place via
PUSH notifications or e-mail, and for customer requests and responses, REST calls are
used. Another web application allows stakeholders to track autonomous vehicles on a
map of the operating environment (Figure 4a). The server for clients and service management
communicates with a third-party subsystem provided by Erwin Renz Metallwarenfabrik
GmbH & Co KG (RENZ) [63], which manages the delivery boxes on the vehicles.

The customer requests a service using the client application by specifying the date,
time, and location where the mission has to be executed and, if applicable, the execution
time (Figure 3b). This information is sent to the client and service management subsystem
where the database is updated. If there are no costs for performing the mission, the request
is redirected to the mission planning and supervision of service execution subsystem.
Here, if the request is valid and new, the mission execution is planned. If the planning is
successful, the schedule and database are updated, and the customer receives a confirmation
(Figure 3c). If not, the planning and supervision of service execution subsystem finds three
execution alternatives, sends them to the client, and saves them temporarily in the database.
The first alternative is the fastest possible execution time after the time requested by the
customer, and the other two depend on the operation periods of the vehicles (Figure 3d).
The customer can choose one of the alternatives and resubmit the information to the
mission planning and supervision of service execution subsystem or reject the alternatives
and make a new request. In both cases, the schedule and databases are updated. If the
alternatives are canceled, a new planning process is started. If the customer does not
respond within a defined time (one minute), the three provisionally planned missions are
deleted. Planned missions can be reversed by the customer or by the system if, for technical
reasons, they cannot be performed. The planning and supervision of service execution
subsystem supervises the schedule of autonomous vehicles and sends them the execution
commands at the planned time. Vehicles send information about their state in a predefined
time cycle. This makes it possible to track the mission execution and to inform customers



Electronics 2022, 11, 748 8 of 34

about the status of the request. For package delivery missions, they can permanently view
the location of the vehicle on the map, receive a notification in the case of a delay (Figure 3f)
or cancelation of delivery and a notification when the vehicle is at the requested location, at
which point the customer must intervene by lifting the package (Figure 3e).

Figure 3. User interfaces for request client application, designed by the authors of [64]: (a) request
list; (b) order interface; (c) confirmed order; (d) denied order with alternatives; (e) vehicle in waiting
position notification; (f) vehicle is delayed notification.

Figure 4. Client/control interfaces: (a) position information; (b) schedule information; (c) applications
in the monitoring center with a human operator.

The entire mission planning and execution process is supervised by the human oper-
ator monitoring logistics center (Figure 4c). This can view the working schedule of each
autonomous vehicle, re-prioritize missions, and intervene by sending commands with a
higher priority to the vehicle using a self-developed monitoring application (Figure 4b).

When an autonomous vehicle receives a command to execute a mission, it sends a
confirmation, starts the execution, and sends information when the execution has been
completed. In an interval of five seconds, the vehicles send their position to the planning
server. Thus, at the server level, it is possible to estimate the time of arrival at the destination
and inform the customer in the case of delay and on arrival at the destination. The status of
the request changes to DRIVING when the vehicle leaves for its destination, to DELAYED
when it is estimated that the vehicle will be delayed for more than a period of time, and to
WAITING when the vehicle is at its destination. The system awaits customer requests and
is responsible for planning missions for autonomous vehicles using a specially developed
software package, based on the algorithm presented below.

To plan the missions of an autonomous vehicle, an initial work schedule is established,
consisting of daily sequences (working slots/periods) in which the missions can be executed.
A configuration of a working day could consist of two working slots (e.g., from 9:00 a.m. to
2:00 p.m. and 3:15 p.m. to 7:00 p.m.) and charging slots (e.g., from 2:00 p.m. to 3:15 p.m.
and 7:00 p.m. to 9:00 a.m.). In order to execute a mission, an autonomous vehicle must
travel to the destination where it is to be performed, following a path (see Section 6). Here,
the missions can be executed in a static way, the vehicle stands still during execution,
or dynamically when the vehicle moves during execution. A mission is modeled in the
mission planning subsystem in a class with the following attributes: ID, departure time,
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arrival time at the destination, requested time, execution time, status, description of the
route (that the vehicle must follow to reach the destination), and validity time. The validity
time is used when the mission is temporarily saved in the database because the system
rejects the customer’s request, offers alternatives, and waits for their confirmation.

3.4. Planning Algorithm

For mission planning, a directed graph that abstractly summarizes all possible paths
in the operating environment is used. In this graph, denoted by G = (N, A), where
N = {0, 1, . . . n} with n being the number of nodes and A = N× N representing the set of
edges between nodes (Figure 5), a path is an ordered list of edges that connect two nodes.
A node is defined by an identifier (N0, N1, N2 . . . Nn), the absolute position (latitude
and longitude), and a name, which can be the address at which the node is located. Each
edge, ai,j ∈ A, where i and j represent the node IDs, is associated with a cost c(ai,j), which
represents the time required for the vehicle to travel the edge. The initial cost is given by the
estimated travel time calculated with respect to the distance and the speed of the vehicle.
After each traverse of a subpath (between two nodes), the travel time is measured and an
average with the past travel time is calculated. This new travel time is then used in the next
planning step as a cost. In the future, other update concepts that consider rush hours are
conceivable. In the graph, node N0 is associated with the charging station. Each vehicle
has at its initialization slots for two predefined missions that involve the movements in the
standby node (N1) and back to N0 with zero working time at the destination. The first one
consists of traveling from N0 to N1, where the vehicle is stationed until it receives a request,
and the second of back to N0, which is completed at the end of the slot (working period).

Figure 5. (a) Planning graph overlaid over the operation area. (b) Timeline of mission execution after
mission m′k was added to the plan in the time slot from 9:00 a.m. to 2:00 p.m. (c) Travel path of the
mission (mk, green; m′k, red; m′k+1, black) represented in the planning graph.

The departure time for the execution of the first mission tdeparture(m0) is the time at
which the vehicle starts moving from node N0 to node N1. The travel time to the destina-
tion is given by the sum of the travel times of each edge, ci,j : estimatedTravelTime(m0) =

∑(ci,j) (m0). The arrival time at the destination is tarrival(m0) = tdeparture(m0) + estimatedTr
avelTime(m0). The arrival time is not always the expected time. In order to assure that
the vehicle arrives on time to the destination it is set to arrive earlier: trequested(m0) =
tarrival(m0) + earlyArrivalTime(m0), where earlyArrivalTime is specified in an initial con-
figuration file. The working time is the time spent at the destination until the service is
executed. For m0, this is usually set to 0. For the second mission, the requested time is
trequested(m1) = 14:00 and the estimated time to arrival is calculated similarly to m0. Arrival
time for m1 is tarrival(m1) = trequested(m1)− earlyArrivalTime(m1) and departure time is
tdepartuce(m1) = tarriavl(m1)− estimatedTravelTime(m1).

The client request contains the date and time when the mission should be executed
trequested(m), the delivery node ID Nk, the time required for its execution, the status (PEND-
ING), and a list of the IDs of autonomous vehicles that can perform the requested mission.
For a delivery mission of a package that is in the vehicle’s trunk, this list will contain a
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single ID—that of the vehicle in which the package is located. The request also has a text
field, where the mission planning subsystem enters the message that will be sent to the
customer after scheduling and a field with the reference ID of a previous mission (if any).
The value of this ID is zero if the request is new.

When a user makes a request (with the parameter trequested and the destination cor-
responding to node Nk) inside an available slot, the algorithm checks if the request is
between two existing missions (mk and mk+1) in terms of time and can be executed by the
requested vehicle(s). In this case, the algorithm checks if a new mission can be included
in the plan. In order to do this, the algorithm creates two new missions: m′k and m′k+1,
where m′k has the trequested and the destination node Nk set by the user. Using the Dijkstra
graph search [65], the estimated path travel time for m′k is calculated. This is needed to
determine the departure and arrival time. The execution time is, in case of delivery services,
the waiting time at the destination for the user to pick up the package.

In order to accept the request, the departure time of the new mission (m′k) that will be
included in the plan after mk has to be after finishing the execution of the previous mission
(mk). The new calculated departure time for the following mission (m′k+1), that will replace
mk+1, has to be after mission m′k is executed. If this is not possible, the algorithm searches for
three alternatives, starting in the requested slot after the requested time. These alternatives
are provided to the user and are valid for a defined period of time (one minute) where
the user can pick one. The algorithm considers the special cases where two consecutive
deliveries are at the same destination.

The concept and implementation of the planning system fulfills the defined require-
ments and fully integrates the beneficiaries for parcel delivery services. They are in charge
of the planning process, can supervise the mission execution, and the system adapts in real
time the execution plan according to their requests.

4. Autonomous Vehicle

The structure of an autonomous vehicle operating in pedestrian environments de-
pends, to a large extent, on the service it has to perform. For services in pedestrian
environments, classic commercial vehicles with a driver exist. Given the current trend of
the development of autonomous vehicles that still maintain a driver for safety, on the one
hand, classic vehicles can be transformed into autonomous ones, and on the other hand,
it is necessary to design and develop structures of vehicles with total autonomy that will
become standards in the field in the near future.

A methodology for designing and developing an autonomous vehicle by transforming
an existing classic vehicle has the advantage that it starts from basic structures (chassis,
transmissions, steering system, etc.) that have demonstrated their functionality and relia-
bility in practice being already approved from the technical point of view. Therefore, only
the modified and new components must be re-approved.

The criteria that are taken into account when choosing the vehicle depend on the
services that have to be performed and the operating environment. Thus, for pedestrian
environments, the general criteria are a high acceptance, technical characteristics required
by the service to be performed, transformation possibilities to become autonomous, low
emissions, and reduced noise pollution. In order to meet these criteria, electric vehicles
are clearly superior to those with internal combustion engines. First, they pollute less,
and second, the transformation process, from a technical point of view, is easier. As the
introduction of autonomous vehicles into pedestrian environments is still at the beginning,
current acceptance by the population is difficult to assess. This criterion can be assessed
by tests of interaction of autonomous vehicles with pedestrians as traffic partners. For the
selection and transformation of an existing vehicle into an autonomous vehicle, a design
methodology was developed, which, in addition to meeting the functional requirements
imposed, also aimed at developing modular architectures by implementing open-source
subsystems, ensuring increased interchangeability and reduced costs [66].
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An important aspect to consider when choosing a vehicle is the possibility of homolo-
gation of the transformed autonomous vehicle to operate after being transformed into
pedestrian areas. Light vehicles in Germany are exempt from registration according to
the standard approval legislation, FZV [67]. For operation in pedestrian areas, according
to FZV, they only need an insurance mark and technical approval. According to FZV, a
four-wheeled electric vehicle falls into the category of light vehicles if it weighs less than
350 kg (without batteries) and an engine whose power does not exceed 4 kW. In addition,
according to the traffic law, the maximum speed at which a vehicle can move in pedestrian
areas is 6 km/h, and according to the law on noise pollution in residential areas, the noise
generated by vehicles must not exceed, during the night, 50 dB [68]. Respecting these
requirements, the EZGO RXV electric golf cart [69] was chosen for transformation into an
autonomous vehicle. The cart has a length of 240 cm and a width of 119 cm. The weight
of the vehicle is 290 kg without batteries. The cartridge allows a maximum load of 360 kg.
The AC motor develops a power of 3.3 kW and is powered by 48 V from four 12 V batter-
ies connected in series. The vehicle controller allows a speed limitation of 6 km/h. It is
already technically approved and thus no approval is required to guarantee the maximum
speed limit in pedestrian areas. The command of the acceleration and braking subsystems
is conducted by the vehicle controller. A potentiometer and a switch are mounted on
the accelerator pedal. Each time the driver presses the gas pedal, the switch will close a
circuit used for transmission of the control signal to the vehicle controller to supply the
electric propulsion motor. The voltage value is given by the potentiometer. The propulsion
engine has an integrated clutch, normally engaged, and a friction disc brake, normally
disengaged—both electromagnetically controlled. The brake control works on the same
principle as acceleration, except that a switch is operated in advance, which, in the open
position, facilitates signal transmission to the controller. The direction change is made via a
switch, operated using the ignition key. The steering of the vehicle is mechanical, being
connected through the steering shaft to the steering mechanism of the wheels.

This vehicle operates mainly in golf course areas, being used for person/luggage trans-
portation, but also in densely populated environments, such as airports or railway stations.
Moreover, in some Asian countries, this vehicle is often used for person transportation in
urban areas. It is thus assumed that the use of this vehicle, transformed into an autonomous
vehicle in pedestrian environments, will not be rejected by the public.

Figure 6 shows the structure of the developed command-and-control system, where
the following subsystems are highlighted: acceleration and braking (marked in orange),
change of direction (marked in gray), steering (marked in pink), external sensors (marked
with green) and the central unit, MCU of the command-and-control system (marked in
black), which is an embedded Car-PC Adlink MX-E5401. The MCU has an i7-4700EQ
processor, 12 GB of RAM, six USB ports, four Ethernet interfaces, eight digital inputs,
and WiFi. The hard disk memory (HDD) was expanded with a 480 GB SSD (Scan Disc
Extreme Pro). In addition to the operating system, Ubuntu 16.04, the Kinetic version of
the Robotic Operating System (ROS) middleware, runs on the MCU. At the lower level
for each subsystem, dedicated electronic control units (ECUs) and internal sensors that
communicate with one another and with the central unit via a CAN bus were integrated.
Communication between the central unit and external sensors is achieved via Ethernet or
USB, depending on their interfaces. This facilitates the transmission of a larger flow of data
from the sensors.

The vehicle’s acceleration and brake pedals operate a switch connected to a micro-
controller (command-and-control ECU—acceleration and brake) that controls the power
electronics of the engine mounted on the rear wheel axes. The calculation of the values
of these signals is performed by a separate microcontroller (calculation ECU). Two hall
sensors are used for speed measurement. Depending on the position of key ignition switch,
the controller determines the direction of rotation of the engine by means of a control ECU
subunit (driving direction). The mechanical steering subsystem was extended with an
electric motor with gear reducer, mounted on the steering axis and driven by a device
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with power electronics placed close to the engine due to electromagnetic compatibility.
The control of the power electronics is achieved by PWM signals from the steering control
subunit (command-and-control ECU—steering). Electronic components in the control
panel are powered by a 12 V battery. Two laser scanners located in front of and behind
the vehicle are used to detect obstacles in the navigation environment. In addition, two
ultrasonic sensors are also located at the front of the vehicle, used redundantly with laser
scanners to detect obstacles. A laser scanner, a GNSS system with an inertial measurement
unit, and a magnetometer are used for the localization and navigation process. The sensor
subsystem components are also powered by the vehicle’s 12 V battery. The operation of
the systems is redundantly monitored by dedicated microcontrollers (ECUs). The power
actuators are powered by a 48 V battery. A 48/12 V transformer is used between the power
electronics of the steering motor and the battery. The other electronic components and
sensors are powered by a separate 12 V battery to avoid electromagnetic inference.

Figure 7 shows the positioning of the sensors on the autonomous vehicle developed
for package delivery services. In addition, it is noted that emergency switches were fitted
in accessible positions. The safety concept and implementation are presented in [40].

Figure 6. Autonomous vehicle architecture after the transformation process.

Figure 7. Final autonomous vehicle for package delivery with mounted sensors.



Electronics 2022, 11, 748 13 of 34

The storage boxes for the packages, made of aluminum and weighing approximately
200 kg, were made available by RENZ. Together with the other removable components, a
mass of 260 kg was reached, allowing—according to the datasheet of the vehicle—storage
of packages with a total mass of 100 kg. It is possible to load up to 16 packages of four
different sizes on each vehicle.

The presented concept, implemented for an electric golf cart, can be generalized for
most of the electric vehicles used for transportation services.

5. Localization

Pedestrian areas are unclustered environments such as city centers with buildings
on both sides of the street or parks where the surroundings consist only of vegetation. A
precise GPS-only localization is, in the first case, hard to achieve, whereas a localization
using external sensors (e.g., LIDAR) is difficult in areas where expressive static obstacles
are missing. Therefore, a fusion between data acquired with internal sensors, a GNSS, and
an adaptive Monte Carlo localization (AMCL)-based [70] particle filter with LIDAR input
data is achieved using an extended Kalman filter (EKF).

Because the pedestrian environment is highly dynamic, the use of a fixed map in-
stead of a SLAM-based technique is more feasible. A 2D digital map, acquired using the
gmap-ping technique [71] (Figure 8b) was used due to satisfactory precision and lower
computational resources compared to a 3D map. In the mapping process, a 3D Velodyne
LIDAR with 16 levels, placed on top of the vehicle at a 2.5 m height is used and only
the beams with positive elevation points in the sensor coordinate system (Figure 8c) are
considered. The point cloud is then projected in a 2D plane and used in the mapping and
localization process with AMCL. The AMCL method has as an output complementary to
the estimate of the vehicles 2D position and orientation, the accuracy of this prediction as a
covariance matrix. The filter was parametrized with a strategy for particle generation in the
first and reinitialization steps only around the GNSS estimate, and not on the entire map.

Figure 8. Mapping process: (a) top view of the mapped area; (b) digital map; (c) position of the
LIDAR used for mapping and localization on the vehicle.

The GNSS is a Piksi Multi-Evaluation Kit by Swift Navigation, which communicates
through GPS L1/L2, GLONASS G1/G2, BeiDou B1/B2 using the real-time kinematics (RTK)
technique. This system has an accuracy of approximately 2 cm in areas without inference.
Usually, in pedestrian areas, on both sides of the road, fixed obstacles such as buildings
exist, consequently, the signals are disturbed, and the localization accuracy is diminished.
Moreover, unfavorable weather conditions affect the accuracy of the localization. In extreme
cases, deviations of up to 6 m have been recorded. The GNSS also calculates the accuracy
of the position estimation, which depends on the number of received satellites and can
be determined with the fixed or floating method. In the fixed version, according to the
technical datasheet of the system, the deviation of the localization accuracy is 1 cm. In order
to provide the value of this deviation, correction data provided by a base station, no further
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than 10 km from the autonomous vehicle, are also required. In the tests performed, the
distance between the autonomous vehicle and the base station did not exceed 3.5 km. In the
case of the floating variant, the deviation, according to the datasheet, can be between 10 and
45 cm, but is larger in reality. Thus, this variant does not provide the necessary precision
for the localization of autonomous vehicles for navigation in pedestrian environments.
Because the estimated position of the system can have an inaccuracy of up to 6 m, even if
the method is fixed, there is a disadvantage called lying GPS in the literature [72], where the
data of sensor measurements have significant errors. Therefore, a GNSS-only localization
method in pedestrian areas is out of the question.

In order to determine the odometry of the vehicle, the data provided by a magnetome-
ter and inertial measurement unit, available on the Piksi board, are further used as a direct
input for the Kalman filter. Furthermore, the angle of the wheels is determined using the
steering angle, measured with an encoder type sensor mounted on the steering wheel axle,
and the velocity is calculated from the hall sensor signals mounted inside the back wheels
(Figure 9).

Figure 9. Speed measurement: (a) the hall sensor; (b,c) the mounted sensor and ABS ring; (d) signals
on the oscilloscope.

For the extended Kalman filter, the state vector consists of the 2D position, orientation,
linear velocity, angular velocity, and linear acceleration, and offsets for the orientation,
angular velocity, and linear acceleration (Figure 10). These offsets are incorporated into the
filter for numerical stability that is affected, in the case of the inertial measurement system
and magnetometer, by the micro-mechatronic construction that induces a variable offset;
the value returned by the sensor, which is the sum of the measured real value and the value
of this offset; the inability to determine the exact position of these sensors in the coordinate
system of the autonomous vehicle each time the sensor system is switched on; the vehicle
load; road bumps, which affect the signals from the sensors associated with the orientation
angles; and temperature fluctuations that induce deviations of the measured value.

In order to update the state vector, the relationships in Table 1, together with the
uncertainties, are used.

Table 1. Process equations with uncertainty.

Parameter Equation Uncertainty

x xt = xt−1 + vt−1 ∗ cos(θt−1) ∗ dt+ 0, 5∗ at−1 ∗ cos(θt−1) ∗ dt2 1
6 ∗

.
at−1 ∗ dt3 ∗ cos(θt−1)

v vt = vt−1 + at−1 ∗ dt 1
2 ∗

.
at−1 ∗ dt2

.
θ

.
θt =

.
θt−1

..
θt−1 ∗ dt

a at = at−1
.
at−1 ∗ dt

.
θOFSET

.
θOFSET =

.
θOFSETt−1

..
θOFSET ∗ dt

aOFSET aOFSETt = aOFSETt−1
.
aOFSET ∗ dt

θOFSET θOFSET = θOFSETt−1
.
θOFSET ∗ dt
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Figure 10. State and measurement vector of the extended Kalman filter.

The maximum acceleration of the autonomous vehicle is 0.5 m/s2 and the maxi-
mum angular velocity is 0.3 rad/s. The jerk value determined for the time interval 0.02 s
is 625 m/s3 (am/2dt2) and the angular acceleration (

.
θm/2dt) is 4.5 rad/s2. For offsets, val-

ues very close to zero are chosen. The uncertainty matrix is calculated with the relation [73]
R∗ = Gd ∗ R ∗ GT

d , where:

Gd =



1/6 ∗ dt3 ∗ cos(θt−1) 0 0 0 0
1/6 ∗ dt3 ∗ sin(θt−1) 0 0 0 0

0 1/2 ∗ dt2 0 0 0
1/2 ∗ dt2 0 0 0 0

0 dt 0 0 0
dt 0 0 0 0
0 0 dt 0 0
0 0 0 dt 0
0 0 0 0 dt



R =


625 0 0 0 0
0 4.5 0 0 0
0 0 10−2 0 0
0 0 0 10−3 0
0 0 0 0 10−3


For the prediction step, the measured uncertainties presented in Table 2 are used. The

GNSS and AMCL uncertainty is updated dynamically.
In real environments, the GNSS was shown to have errors of up to 6 m, even when the

system considers that the estimate is made with an accuracy of 1 cm. A filtering using the
Mahalanobis technique [74] is also out of the question, because no significant gaps between
the measurements could be detected. Therefore, a model function was implemented. If the
distance between the position estimated by the GNSS and the AMCL estimate is greater
than a predefined threshold and the accuracy of the AMCL is high, then the estimated
accuracy of the GNSS is adaptively increased artificially. This correction applies only if the
description of the external environment via the 2D digital map is accurate enough for the
AMCL estimate accuracy to be high. For the performed tests, the threshold for verifying the
distance obtained with the two systems was 80 cm. The artificial values of the estimated
accuracy generated by the GNSS can grow up to 5 m in error. Thus, the values measured
with the GNSS have a lower weight in the EKF.
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Using the presented combination of localization methods, the lying GPS problem can
be avoided and a reliable localization in pedestrian environments was achieved. There
might, however, be environments that exist where the GNSS does not provide an accurate
solution and where no relevant static obstacles (buildings) for 2D LIDAR-based localization
exist. In this case, a further feature/marker-based localization can be helpful.

Table 2. Maximal variance of the measured parameters used in the uncertainty matrix of the mea-
surement process.

Measured Maximal Variance

σ2
xGNSS

1·10−4

σ2
yGNSS

1·10−4

σ2
θMAG

5·10−3

σ2
vr

1·10−6

σ2.
θ IMU

5·10−5

σ2
aIMU

5·10−8

σ2
δsteering

1·10−5

σ2
xAMCL

5·10−4

σ2
yAMCL

5·10−4

σ2
θAMCL

1·10−2

6. Path and Trajectory Planning

An important aspect for path and trajectory planning is the accomplishment of the
mission while driving, respecting the traffic rules, and without obstructing pedestrians.

The global path must meet the following requirements:

- Take into account the kinematics and dynamic restrictions of the autonomous vehicle, in
order to facilitate the local path and trajectory planning;

- Comply with existing traffic rules by being generated only in areas where access of the
vehicle is permitted (e.g., not in areas with vegetation such as flowers or grass);

- Use reduced computational power;
- Respect restrictions—in pedestrian environments, the maneuvering of vehicles has to be
intuitive for pedestrians, where moving backward should be avoided and the vehicle
should move only on the right side of the street and turn only in permitted areas such
as intersections;

- To be consistent with mission planning.

Existing solutions only partially meet the requirements described above. Figure 11
shows a global path generated with a search-based planner lattice [75] using the existing
implementation in ROS [76]. The path passes over grass and vegetation and through
interior yards, where access is prohibited (Figure 11a,b). In order to correct the path, the
map for the planning process can be adjusted, creating so called corridors that restrict
the planning area (Figure 11c,d). In this case, a computational complex logic has to be
implemented in order to decide the moving direction within these corridors, since only
movement on one side of the street is allowed and backward movements are not desired.
In order to respect the imposed restriction, a logic implementation, which decides how the
corridors have to be traveled (Figure 11e,f), is needed. In all of these cases, consistency with
the mission plan is not guaranteed.

The adopted solution was to record all the possible (sub)paths between the existing
nodes, which are consistent with the nodes in the planning graph, and save these paths as
a list of positions and rotations in files on the planning server. Each edge in the planning
graph has an associated file with the path description. Each mission has a list of nodes
(from the starting point of the vehicle to the destination) (Figure 12). At running time, in
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order to execute the mission, the global path is generated after reading the paths associated
with each edge from the files on the server and sending them to the vehicle. Figure 13a
shows all of the paths in the operating environment, and Figure 13b highlights the details
of these paths, together with the mission planning graph nodes.

Figure 11. Results obtained with the sbpl_lattice planner on original and modified digital maps:
(a) thorough interior yards with restricted access; (b) passing areas with vegetation; (c,d) within a
modified map with corridors; (e) backwards on the modified map; (f) respecting imposed restrictions
(travel forward on the right side and turn only in a permitted area).

Figure 12. Path between nodes with ID 37 and 11 and recorded states of the vehicle associated with
the graph edge between nodes with ID 37 and 6.

Before sending the global path, a process on the server verifies if the vehicle is at the
planned location. If this is not the case, a new path is calculated, starting with the closest
node. Therefore, in order to avoid situations where the nearest node is on the opposite
side of the road, which might lead to the generation of a global path where, in order to get
to it, the vehicle has to pass through a restricted area (Figure 13c), additional nodes are
introduced (Figure 13d).

On the vehicle level, for navigation, the move_base interface in ROS is used. The
global_planner node is replaced with an own node that receives the global path from the
server and sends, every five seconds, the current position back to the server. In this way,
the estimated arrival times can be calculated on the server and the clients are informed in
case of a delay or when the vehicle is in a waiting position.

Navigation in pedestrian environments requires a frequent change of trajectory be-
tween dynamic obstacles. To generate the step-by-step trajectory, the TEB [77] algorithm
and the move_base ROS package [78], which was customized, adapted, and tested for
driving in pedestrian areas, were used (Figure 14). From the localization module presented
in Section 4, the current state of the vehicle is received, the digital map is the fix map
generated with gmapping, and the global plan is generated on the mission planning, server
as described above. Therefore, a new global path receiver node was implemented, which
waits for this path and also transmits the current position of the vehicle to the planning
server. The navigation process starts when a global path is received and ends when the
vehicle arrives at the destination. The linear and angular velocities in a 3D vector format
that underlie the calculation of motion commands using teb_local_planner are then trans-
formed into an Ackermann message. This message contains the travel speed (m/s), the
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acceleration in (m/s2), the jerk (m/s3), the angle of rotation (rad), and the angular velocity
of the vehicle (rad/s). The data are then transmitted to the components connected to the
CAN bus, responsible for controlling the actuators.

Figure 13. Modeling of global paths: (a) all possible paths; (b) detail of some paths, together with the
nodes from the mission planning graph; generation of a path (c) without additional street nodes and
(d) with additional street nodes.

Figure 14. Adapted move_base package.

The TEB algorithm was parameterized so that the optimization criteria do not become
contradictory and, at the same time, respect the defined rules of navigation in pedestrian
environments. For each of these parameters, in addition to the defined values, a weight
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is established that specifies their influence in the process of generating the trajectory.
Geometric parameters were specified with an accuracy of centimeters. The weights for
kinematics rules were specified with high values, so that the algorithm generates only
feasible local trajectories. Another parameter is the minimum planning distance from the
vehicle to the obstacles, which was chosen empirically and represents half of the width
of the vehicle for bypassing both static and mobile obstacles. The weight for considering
static obstacles has a higher value than for dynamic obstacles, so it is guaranteed that the
algorithm always plans trajectories that avoid collisions with static ones. A clustering
of dynamic objects (e.g., pedestrians) was conducted using a part of the ROS package
multi_object_traking_lidar [79]. The input data are acquired from the two 3D LIDARs
placed in opposite corners of the vehicle. The detected objects are then used as input for
the dynamic obstacles for our adapted TEB planner.

In order for the autonomous vehicle to follow the route, a new function that checks
if the vehicle is more than 0.5 m away from the first point of the global path, which is
updated periodically, was implemented. This function dynamically changes the weight
that influences the calculation of the local trajectory by passing dynamic obstacles and
the weight for its calculation by following the global route (via viapoints). If the distance
between the first point of the global path and the current position of the vehicle is greater
than 0.5 m, the weight for viapoints is increased and the weight to consider the dynamic
obstacles in the path generation is set to zero. The values of these two weights may change
only after the autonomous vehicle reaches the global path and travels a predefined distance
from the starting position. If the autonomous vehicle is at a distance of less than 30 cm from
the global route, the weight to consider dynamic obstacles is set to a value that ensures that
the planning considers dynamic obstacles and the weight for viapoints is reduced. If this
distance is between 30 and 50 cm, the two weights are changed adaptively. A collision is
avoided by the safety modules.

In order to generate only predictable trajectories for pedestrians, backward driving is
avoided as much as possible. If there are many obstacles in front of the vehicle, the only
alternative might be a backward-generated trajectory. It is desirable for the vehicle to drive
backward only in extreme situations, where avoiding obstacles by driving forward is not
possible. The parameter that defines the weight for choosing a local path, where the vehicle
must move backward, has a very small value that allows the choice of this option only in
situations of last resort. Moreover, the size of the local map (20 × 11 m) and the positioning
of the vehicle on this map restrict the possibility of generating a trajectory that allows the
autonomous vehicle to move backward no more than 2 m (Figure 15).

Figure 15. Scenario for local path and trajectory planning.
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7. Experimental Tests in Real Pedestrian Environments

The tests and experiments were carried out, in the first phase, on the campus of the
University of Heilbronn, then the autonomous vehicles were integrated for parcel delivery
services in a residential area of the Heilbronn part of the federal garden exhibition that
served as a real-world laboratory [80]. The development of the neighborhood was meant
to present technological innovations that contribute to regional development and improve
the quality of life in the long run. The residential neighborhood consists of 23 buildings
and has approximately 800 inhabitants. Figure 16 illustrates an overview of the federal
garden, marked in blue, and the district where the autonomous vehicles operated is circled
in red. The access of regular vehicles to the fair area was forbidden daily from 9:00 a.m.
to 7:00 p.m., and the inhabitants had the possibility of using the developed system for
autonomous deliveries.

Figure 16. View over the federal garden exhibition [81].

The results from 9 August 2019 to the end of the fair are discussed below. There was
one delivery period (working slot) per day until 21 August 2019, and two delivery periods
after this day, the first between 9:00 a.m. and 2:00 p.m., and the second between 3:15 p.m.
and 7:00 p.m., to the 17 delivery addresses defined in the operating area.

7.1. Functional Safety Tests

In order to be able to safely operate in pedestrian environments, the autonomous
vehicles, particularly the safety subsystems, were tested according to ISO26262. Tests were
carried out to validate the operation of electronic devices (ECU FAIL TEST), software fail
tests, sensor subsystems (sensor fail test), and, in the end, the bumper safety subsystem.
The tests involved permanent supervision by a safety driver who could take control at any
time. The risks and safety measures that were defined in cooperation with the Technical
Inspection Association (TÜV) are described in Table 3. Two safety states were defined: the
vehicle is stationary, and the motor controller is not powered. For each risk, the safety
measurement brings the vehicle into a safe state.

Finally, the subsystems and components of the safety chain (Figure 17), consisting
of the bumper subsystem, emergency buttons, ultrasonic sensors, watchdog devices, and
vehicle motor controller, were validated by obtaining the technical approval certificate, and
operating permit, respectively. In addition, a driver training program was developed on
how to operate the vehicle, the ways of bringing the vehicle into a safe state, learning how
to drive the vehicle using the gamepad, and on the vehicle’s technical components.

Figure 17. Safety chain.
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Table 3. Extract of risks and safety measurements according to ISO26262.

Code Risk Description Safety Measurement

R01 The autonomous vehicle does not detect obstacles Use-certified bumper system with redundant ultrasonic sensors

R02 The autonomous vehicle does not stop Placement of emergency buttons accessible on each side of the vehicle

R03 The operating speed exceeds the 6 km/h speed restriction Speed restriction from certified motor controller of the golf cart, as
well as software restriction

R04 Failure of the braking system Periodic check

R05 The autonomous vehicle leaves the operating area Fencing of the operating area

R06 Uncontrolled acceleration of the autonomous vehicle Use-certified bumper system with redundant ultrasonic sensors
Placement of emergency buttons accessible on each side of the vehicle

R07 Uncontrolled direction change of the autonomous vehicle Use-certified bumper system with redundant ultrasonic sensors
Placement of emergency buttons accessible on each side of the vehicle

R08 The autonomous vehicle continues to move after an
emergency stop, triggered by non-certified components

Use-certified bumper system with redundant ultrasonic sensors
Placement of emergency buttons accessible on each side of the vehicle

7.2. Interactive Mission Planning Evaluation

The mission planning system had, during the test period from 9 August 2019 to
6 October 2019, 785 requests. Of these, 631 requests were made via the application made
available to customers (see Section 3.3) and 154 from the logistics center for monitoring. The
proposed interactive planning system, after planning a mission, responded to the request
in an average time of 146 ms. If the customer’s request cannot be executed at the requested
date and time, the system provides three alternative solutions involving delivery over the
next two working slots.

7.2.1. User Response to Alternatives

In the first test period, from 9 to 21 August 2019, out of the total of 147 planned and
non-canceled requests until mission start, 59 (40.13%) were immediately accepted, and
for 88 (59.86%), the planning system provided alternative solutions. From 22 August to
6 October, out of the total of 484 requests, 247 (50.93%) were immediately accepted, and
238 (50.07%) received alternative solutions.

The customers responded to alternative solutions proposed by the interactive planning
system in an average time of 12.93 s in the first test period and 29.36 s in the second. A
high response time also resulted from the fact that in the second period, several new
customers began to use the system for the first time. In Figure 18, the variation in customer
response time to which the interactive planning system provided alternatives is represented.
The results confirm that the used response time of one minute is sufficient. Because the
customers were aware on how the planning system works, knowing that the system offers
the first alternative to the fastest possible delivery time, it was observed that, in many cases,
they requested the delivery at the current date and time, waited for the alternatives, and
chose the first option.

Figure 18. Client reaction time to the alternatives provided.
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7.2.2. Statistics Regarding Punctuality and Delays of Executed Deliveries

A major factor regarding the acceptance of autonomous deliveries is punctuality. Due
to the possibility of using the execution time data from previous missions in order to update
the estimated time, the planning system becomes more efficient. At the same time, given
the congestion that can exist in pedestrian areas, the early arrival time considered in the
planning algorithm reduces the possibility of delays. The evaluated requests were split
into two categories: those successfully executed and those planned but not successfully
executed because of a previous delay, a technical failure, the client picked up the parcel
before delivery without notifying the system, or there was an intervention from the logistic
monitoring center. The results regarding the execution punctuality of the missions are
represented in Tables 4 and 5 and prove that in more than 97% of cases, the delivery was
made on time or had a delay of less than 10 min, which is within the acceptance threshold.

Table 4. Statistical punctuality data for deliveries with one operating slot a day (9–21 August).

Requests/Delays/Cancellation No. of
Requests

Planned
Requests (%)

Executed
Requests (%)

Planned requests 147 100 -

Executed requests 118 80.27 100

Executed without delay 78 53.06 66.10

Total delays 40 27.21 33.89

Over 15 min delay 1 0.68 0.84

Between 10 and 15 min delay 3 2.04 2.54

Between 5 and 10 min delay 2 1.36 1.69

Between 3 and 5 min delay 3 2.04 2.54

Between 1 and 3 min delay 14 9.52 11.86

Under 1 min 17 11.56 14.40

Cancelled by the monitoring system 16 10.88 -

Picked by client, without informing the system 12 8.16 -

Cancelled due to a previous delay 3 2.04 -

Table 5. Statistical punctuality data for deliveries with two operating slots a day (22 August to 6 October).

Requests/Delays/Cancellation No. of
Requests

Planned
Requests (%)

Executed
Requests (%)

Planned requests 484 100 -

Executed requests 454 93.8 100

Executed without delay 337 69.62 74.22

Total delays 117 24.17 25.77

Over 15 min delay 4 0.82 0.88

Between 10 and 15 min delay 7 1.44 1.54

Between 5 and 10 min delay 24 4.95 5.28

Between 3 and 5 min delay 17 3.51 3.74

Between 1 and 3 min delay 35 7.23 7.71

Under 1 min 30 6.60 6.20

Cancelled by the monitoring system 20 4.13 -

Picked by client, without informing the system 4 0.82 -

Cancelled due to a previous delay 6 1.23 -
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7.2.3. Planning Efficiency

The developed interactive planning method considers parameters that existing algo-
rithms do not take into account. Thus, customers have to specify/accept the date and time
of delivery, the response to requests is made ad hoc and the clients can change the request
data anytime. Another benefit of the interactivity is the availability of customers at the
requested destination for delivery. In the case of deliveries made by domain companies
(DHL, UPS, etc.), it often happens that customers are not available at the time of delivery,
and they are usually notified to collect the package from a post office. Thanks to these ben-
efits, the system acceptance for using autonomous vehicles for delivery services increased
by 15% (from 76% to 91%) [82].

This increase comes at a cost of performance loss regarding the planning time needed
to execute the deliveries. In order to measure the efficiency of the interactive planning, the
executed requests were planned afterward using a classic method based on solving the
traveling salesman problem (TSP), where the delivery hours are calculated by the system.
For evaluation, the days where at least one customer request occurred were considered.
The required missions were then planned with the classic TSP method (Figure 19). The
sum of the time planned with the interactive system in all of the missions was 5445 min,
and with the classic TSP it was 3463 min. The figure also contains the number of delivery
destinations for the vehicle. Unlike the classic TSP method where two or more missions
can be performed at the same destination, this is not possible with the interactive planning
system method, because consecutive requests impose different delivery hours, even if
they assume the same delivery address. Cases in which deliveries occur at the same time
and destination are very rare. The loss in terms of planned/executed time of 36.39% is
“compensated” at the qualitative level, where the customer needs have a higher priority
than the technical optimization regarding the overall planned execution time.

Figure 19. Interactive planning results vs. results obtained with a classic TSP method.

7.3. Localization Tests

For the localization evaluation, two representative routes (Figure 20) were picked,
for which the combination of multiple methods was needed to reach an accuracy below
30 cm. This precision was imposed by the conditions in pedestrian environments, where
the autonomous vehicle navigated at distances of approximately 0.3–0.5 m from areas
with vegetation such as flowers, grass, or curbstones that were not perceived by the
safety system.

The first route (A), marked in red, had a total length of 165 m and started on a street
with buildings on both sides and had a width of approximately 15 m. Here, the GNSS had
errors in both the position estimation and the estimation of the accuracy of the measurement.
On the second part of the route, there were only buildings on the right side at a distance
of approximately 7 m. The second route (B), marked in cyan in Figure 20, started with a
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“U” turn in an area where static obstacles consist largely of vegetation. In the back of the
vehicle, at the starting point, a building with a terrace and windows on the ground floor
and a reflective surface were located, making the localization process with LIDAR sensors
difficult. The turn followed a straight path with buildings on both sides. In this part, the
solution of the GNSS was sometimes floating. Route B had total length of 160.5 m and
ended after a right turn.

Figure 20. Localization testing paths in the operating environment [83].

The results obtained with odometry, the fusion between odometry and the GNSS, and
the fusion between odometry and AMCL were compared to the results obtained using the
fusion of all three methods with the EKF presented in Section 5.

The estimate of the EKF using all data as input is represented in Figure 21 in red. Once
the distance between the estimated position with the GNSS and the one obtained with
AMCL was greater than 80 cm and the accuracy of the AMCL localization (represented as a
yellow uncertainty ellipse) had an uncertainty less than 20 cm, the model function artificially
and adaptively modified the accuracy estimate of the GNSS localization, represented in
cyan uncertainty ellipses. Thus, localization based on the AMCL particle filter had a greater
influence (Figure 21b). When the uncertainty obtained with AMCL was high (over 20 cm),
the ellipse of the GNSS errors decreased (cyan) and the GNSS had a higher influence in the
EKF (Figure 21c).

Figure 21. Localization results on path A: (a) general view; (b) detail with overlapped uncertainty
ellipses with precise AMCL localization; (c) detail with the localization variation between the GNSS
and AMCL depending on their accuracy.

On the second route, in the first part, due to the absence of static objects, such as
buildings, localization using only the AMCL particle filter failed. The GNSS corrected the
estimation errors obtained both by odometry and AMCL (Figure 22b–e). Every time AMCL
reinitialized, a particle cloud was generated a second time around the current position of
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the autonomous vehicle (Figure 22c). However, due to the lack of conclusive obstacles, on
the 2D digital map, the AMCL method failed to generate a precise result in the first part
until after the execution of the “U” turn (Figure 22e). The position estimated with the EKF
was not negatively influenced by this aspect. When the vehicle entered the area where the
GNSS signal was floating, due to the lack of satellites, the Kalman filter was influenced
mainly by AMCL localization (Figure 22f). When the GNSS became accurate (Figure 22g),
a small jump of approximately 20 cm was observed.

Figure 22. Localization results on path B: (a) general view; (b) first part of the path with growing
AMCL uncertainty ellipse; (c) re-initialization of the AMCL particle cloud; (d) imprecise AMCL and
precise GNSS; (e) precise AMCL and GNSS; (f) imprecise GNSS; (g) precise GNSS.

On route A, for evaluation of the localization, 19,015 points were used and the de-
viation between EKF using all of the input data and a combination of only one or two
methods was compared (Figure 23). In Table 6, a comparison of the position estimate
deviations, using only one or two methods with the results where all the input data were
used, is presented.

Figure 23. Localization results on path A: Only odometry (black); odometry + GNSS (cyan); odometry
+ AMCL (yellow); odometry + GNSS + AMCL (red).
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Table 6. Position deviation between EKF with all inputs (odometry, GNSS, and AMCL) and inputs
with only odometry, odometry + GNSS, and odometry + AMCL.

Method
Deviation

Odometry (m) Odometry + GNSS (m) Odometry + AMCL (m)

Minimum 0.0251 0.0011 0.0024
Average 1.1219 1.1219 0.3977

Maximum 4.5958 4.5958 1.8525

On route B, 23,204 points were used for the evaluation. The results obtained using only
odometry, represented in black in Figure 24, are unusable due to the increased deviation.
Localization using a combination of the AMCL method and odometry is not feasible due
to the impossibility of localization with the AMCL method on the first part of the route.
The results obtained by combining odometry with the GNSS are represented in cyan in
Figure 24, and those obtained using all input data in the EKF are represented in red. The
mean and maximum deviations of the results obtained by combining odometry with the
GNSS and by combining the three methods were 0.1365 cm and 0.9771 cm, respectively.

Figure 24. Localization results on path B: only odometry (black); odometry + GNSS (cyan); odometry
+ GNSS + AMCL (red).

7.4. Path and Trajectory Generation
7.4.1. Global Paths

The generated global paths consisted of recorded segments (subpaths) associated with
the edges of the mission planning graph, and there was no possibility of an inconsistency
between the mission planning and the resulting global path. This was generated only
within permitted areas and respecting the imposed traffic rules. Because the segments were
recorded by driving the vehicle manually, they were smooth and facilitated the process
of local path and trajectory planning. In Figure 25, some selectively generated global
paths are presented: around some buildings (Figure 25a), within an area with vegetation
at the beginning (Figure 25b), a path where the vehicle can turn only in permitted places
(intersections), and having to drive only on the right side (Figure 25c), while Figure 25d
displays a case where, on the first part of the route, there was no digital map. Here, the
digital map was not generated due to a lack of obstacles required for localization by the
AMCL method. The GNSS accuracy on this section was within a few centimeters.
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Figure 25. Generated global paths: (a) around buildings; (b) in areas with vegetation; (c) respecting
the imposed restrictions; (d) in areas without a digital map.

7.4.2. Local Paths and Trajectories

For the evaluation of the local paths and trajectory planning in pedestrian areas, route
B (depicted with cyan in Figure 20) was chosen, and three distinct scenarios were analyzed.
In the first area (B1), there are no clear static obstacles and a lot of pedestrians around the
vehicle, while the second area (B2) is a straight line with a few pedestrians and the third
one (B3) is also a right turn with few pedestrians. Figure 26 presents the route within the
three areas (B1, B2, and B3), with the global path in green and the traveled path of the
vehicle in red.

Figure 26. Traveled path (red) overlaid with the global path (green).

A maximum deviation between these two paths of 97.39 cm occurred during the turn
in zone B1, the average deviation along the entire route was 5.6 cm, and the minimum
deviation was 0.05 cm. Path B was traveled by the autonomous vehicle in 7 min and 2 s
with speeds in the range from –0.4 to 0.73 m/s. In Figure 27, the deviations in each point,
together with the travel speeds, are represented and then the results in each area were
analyzed separately.

In order to obtain the described results, every 100 ms, the TEB algorithm plans a
potential local path, which is important for the systematic analysis of the trajectory planning
even if not followed by the autonomous vehicle. These paths are represented by different
colors in Figure 28, and details of a local path planned in zone B1, where the deviation
from the global route is maximal, is provided. Here, in order to return back to the global
path, the autonomous vehicle must drive backward. A local path contains approximately
50 points, and for the points of each local path, the deviations from the global route were
also calculated. The arithmetic mean of the average deviations of the local paths from
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the global one was 9.03 cm, and the arithmetic means of the maximum and minimum
deviations were 24.08 cm and 0.9 cm, respectively. The autonomous vehicle reached the
destination with a deviation of 7.04 cm.

Figure 27. Variation of the deviation from the global path and the traveling speed.

Figure 28. Overlaid planned local path and a backward planned one in detail.

In the first zone (B1), due to the frequent changes in the trajectories, in order to avoid
pedestrians, the vehicle deviated once from the global route by almost 1 m. Such situations
were very rare during the experimental tests. The maximum and minimum deviations
in zone B1 were 0.9739 cm and 0.0009 cm, respectively, while the average deviation was
0.2009 cm. Figure 29 shows a case when the deviation from the global route was maximal
and a backward maneuver was required. The vehicle’s footprint is represented with a cyan
rectangle and the local map, used to plan the local path and trajectories, with white. The
environment around the vehicle, using the point clouds of the LIDAR sensors, is shown.
The global path is represented in green, and the traveled path until the moment of capture is
represented in red. Figure 29b shows a capture of the vehicle from behind, while Figure 29c
shows a capture using a vision sensor mounted on the vehicle. The vehicle was surrounded
by pedestrians, and an advance among them, following the global route, was impossible.
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As the vehicle was in a position where the deviation from the global route was much too
large (0.97 cm), it planned trajectories that did not take into account pedestrians, and due
to the safety modules, the autonomous vehicle halted until the pedestrians had cleared
the way. Because the pedestrians behind the vehicle were the first to clear it, a backward
maneuver was planned. Due to the size of the local map chosen, the TEB planner could
only plan short driving distances backward. Figure 28 shows one of the planned local
paths, highlighted by a black border, while in Figure 29, the position of the vehicle at the
planning moment is represented. Due to the low weight for planning backward trajectories
and the shape of the local map, such routes are very rarely planned, and the backward
distance of one local path can never exceed 2 m.

Figure 29. Navigation in the pedestrian environment in zone B1: (a) Details of the traveled path (red)
overlaid with the global path (green) and a moment sensor capture; (b) captured scene from behind
the vehicle; (c) captured scene with a vision sensor.

In the second zone (B2), on the straight line, two situations are highlighted: one
without pedestrians and one with three pedestrians in front of the vehicle. In the first
situation represented in Figure 30a,b, the planned local path (represented in yellow) used
for trajectory planning overlapped the global path. As there were no dynamic obstacles,
the criteria to follow the global path had a high weight and, together with the kinematics
criteria, a high influence. In the second situation (Figure 30c,d), the planned local path
deviated from the global path when there was a need to plan a local path around pedestrians.
The distance between the current position of the vehicle and the first position of the global
path always remained under 0.5 m. Because the detours were short, the trajectory mainly
overlapped the global path. Thus, for zone B2, the deviation of the trajectory from the global
path was an average of 4.01 cm, and the maximum and minimum deviations were 11.72 cm
and 0.05 cm, respectively. For the planned local paths, the arithmetic mean of the average
deviation of all routes was 5.01 cm, with a maximum of 9.5 cm and a minimum of 1 cm.

In the last zone (B3), the autonomous vehicle handled a right turn. Both the traveled
trajectory and the planned path followed the global route (Figures 26 and 28), and the path
was not shortened. At one point, the vehicle stopped due to pedestrians and resumed
navigation after the way has been cleared. This point can be observed in Figure 27, where at
time between 370 and 380 s the speed dropped to 0 m/s. The average deviation of the trav-
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eled trajectory in this segment was 5.83 cm, with a maximum of 15.41 cm and a minimum
of 0.09 cm. The arithmetic mean of the mean deviation of all planned local paths in zone B3
was 3.9 cm, ranging from 0.7 cm (minimum deviation) to 8.3 cm (maximum deviation).

Figure 30. Navigation in pedestrian environment in zone B2: (a,c) vision sensor capture; (b,d) planned
local path (yellow) overlaid with the global path (green).

8. Overall Results, Conclusions, and Further Work

Between 30 May and 6 October 2019, two autonomous vehicles covered a total of
299.08 km. The first autonomous vehicle used in the missions covered 101.87 km and
the second 197.20 km. Daily statistics of traveled distances are represented in Figure 31c.
During the operating time, the atmospheric temperature varied between 0◦ and 38◦ and
did not affect the electronic or electromechanical devices of the autonomous vehicles.
During this period, a LIDAR sensor (velodyne) was affected by rain and had to be replaced.
Figure 31a,b show the developed autonomous vehicles. The third vehicle was not used
in the real missions and only for research purposes. The other two vehicles were used
simultaneously for a few days due to cost saving regarding the payment of safety drivers.

Figure 31. Autonomous vehicles (a) at the charging station; (b) fleet of autonomous vehicles; (c) daily
traveled distance.

The interactive planning system and the on-time deliveries led to an increase in the
acceptance among the customers. The developed localization process offered accurate
results proven by the global path following an accuracy that was less than 5 cm if no
obstacles had to be passed. The method used for global path generation on the server
resulted in robust paths and no resource use on the vehicle main controller or the generated
trajectories using the adapted TEB algorithm, where new traffic and movement rules were
integrated, leading to a smooth and intuitive movement of the vehicle.

In the future, improvements in the decision-making system of the vehicle are planned,
where, instead of a halt, breaking the defined traffic rules can contribute to a faster traveling
of the path and avoidance of deadlock situations. Moreover, the integration of other
services within the system, where factors such as an aggregate being needed have to be
taken into account.
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