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Abstract: This paper describes new mobility 

concepts that enable higher-order automation with 
self-driving vehicles. These are the Autonomous 
Valet Parking system and three deployment scena-
rios or approaches that influence the development 
of automated vehicles. The Autonomous Valet 
Parking system allows users to relegate parking 
maneuvers to the vehicle computer, which is able to 
navigate the vehicle from the drop-off zone to the 
parking and from the parking to the pick-up zone. 

The evolutionary scenario is the one often 
pursued by the automotive industry: vehicles with 
the driver are being gradually fitted with more 
advanced driver assistance modules to reach full 
automation in the near future. 

The revolutionary approach is the one often 
adopted by non-automotive companies looking to 
capitalize on autonomous driving technology. The 
whole concept of the vehicle and the autonomous 
infrastructure is developed from scratch, often as a 
result of public acceptance research. 

The transformative scenario understands that the 
existing public transport can be transformed by 
automated driving technology towards greater 
personalization, which would lead to the elimination 
of timetables and fixed public routes. 
 

Index Terms: autonomous valet parking, driver 
assistance, autonomous vehicles, evolutionary, 
revolutionary, transformative 

1. INTRODUCTION 

eople have been obsessed with autonomous 
vehicles for the last few decades. In the 1997 

motion picture “Tomorrow Never Dies”, James 
Bond steered and parked his car using his 
advanced mobile phone. Audiences were 
rendered speechless, wondering when they could 
do the same with their cars. Fast forward to 2021, 
and such features are already available in today’s 
top-of-the-line models. 

McKinsey & Company had predicted that 
driverless cars would be adopted “en masse” by 
2030 and that commercial self-driving cars or 
automated taxis could be available in 2022. 

In June 2019, BMW demonstrated Level 4 
capabilities in their flagship 7-series prototype. 
This means passengers can summon the vehicle 
using a smartphone and interact with the car using 
a tablet to order the car to go to a place of their 
choosing. The University of Michigan introduced 
autonomous shuttles powered by Navya in their 
M-CITY facility. Although the shuttle travels at a  

 
top speed of 19 km/h and can navigate only fixed 
routes, it was considered a commendable 
achievement. Waymo, known formerly as 
Google’s self-driving car initiative, has even 
started offering autonomous robotic taxi services 
in Phoenix Arizona, without “safety drivers” in 
place [1]. 

Still, for most developers, Level 2 automation is 
the farthest they have been able to go with 
production-ready cars. This level is often classified 
as ADAS (Advanced Driver Assistance Systems). 
Tesla’s autopilot, Polestar’s pilot assist, and 
Nissan’s pro pilot all classify as ADAS features, 
with capabilities to grow into a complete self-
driving suite L5 in the future. 

So, what are the new mobility concepts that will 
make this possible? 

2. AUTONOMOUS VALET PARKING 

Ford and Bosch have recently announced a 
partnership to demonstrate Autonomous Valet 
Parking (AVP) in downtown Detroit. Systems in a 
test vehicle will rely on sensors to locate an empty 
parking location and move the vehicle into the 
spot. This system also includes safeguards that 
allow the vehicle to react and respond to objects 
and pedestrians in the drive path. A similar 
partnership was announced between Bosch and 
Daimler, and the auto company was allowed to 
test the feature without a human safety driver [3]. 

The growing trend of investments in the valet 
parking feature is solid proof that leading auto 
manufacturers are expecting big returns from this 
concept. 

2.1 The Concept 

From the user’s point of view, the AVP will either 
have to execute the parking sequence, (Fig. 1a) or 
bring the car to them (Fig. 1b). This is achieved by 
using only the information gathered by the 
onboard sensors and previously recorded data. 

In both scenarios, white arrows designate the 
trajectory manually realized by the driver, and the 
black arrows the trajectory realized by the car in 
autonomous mode under the command of the 
AVP system. 

To reduce the price of AVP systems, the 
automotive industry has limited the use-cases of 
these systems. For example, the front camera is 
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used for Predictive Emergency Braking, LKA 
(Lane Keeping Assistance), ACC (Autonomous 
Cruise Control), Light and Sight Assistance, or 
Sign Recognition. 

The rear camera and the ultrasonic sensors are 
usually used for automatic collision detection at 
low speed, for autonomous lateral parking, or to 
help the driver execute manual parking 
maneuvers. 

While the standard parking assistance uses 
only ultrasonic sensors, the AVP system detects 
the physical limits of a parking spot with ultrasonic 
sensors. This means the parking spot must be 
delimited by other vehicles or walls. 

2.2 Limitations 

To avoid legal problems, or the requirement to 
have a person inside the car to take control in case 
of unexpected problems, the vehicle can only 
execute its autonomous parking maneuvers in 
private areas. 

The AVP system learns through a series of 
steps while the driver performs the usual driving 
maneuvers [27-31]. This way, the AVP learns the 
environment and the trajectories so it can emulate 
them in the future or adapt them to new situations. 

The vehicle knows where to park only if the user 

has at least once performed a manual parking 
procedure using the usual trajectory (Fig. 1a). 

At the end of the learning process, the car is 
able to park completely autonomously in the 
known environment (Fig. 2b). 

However, if the parking maneuver starts from 
another position, or if there are any uncertainties 
about the initial location, the system signals that 
autonomous driving cannot be accomplished. 

If there are any ambiguities, the car will not start 
exploring the environment in autonomous mode 
for safety reasons. 

To minimize these ambiguities, automated 
vehicles use computer vision algorithms, which 
will be described in the next sections. 

2.3 Incremental Localization and Mapping 

A visual SLAM (Simultaneous Localization and 
Mapping) algorithm is an easy solution that works 
with highly unpredictable data and needs to detect 
only a few points for good estimation results. This 
method allows an easier fusion of data from 
different sensors, like odometers or GPS. 

In each image that sensors take, multiple points 
of interest are acquired. While the vehicle is 
moving, it continuously follows these points of 
interest to determine their 3D position in an 
absolute reference fixed at the start of the 
trajectory. 

The problem with this algorithm is matching the 
points seen in real-time with the mapped ones, 
especially if the starting position is different than 
one used in the learning phase. 

2.4 Global Localization 

The shortcomings of the previous algorithm 
need to be covered by implementing another 
localization method. If the driver always initiates 
autonomous parking from the same initial spot, 
global localization would not be necessary. In 
reality, however, the driver can ask the car to start 
autonomous driving from anywhere. The main 
idea behind this algorithm is that it is continually 
matching the current image with a number of key 
images previously saved along the trajectory. 

This concept relies on the Bag-of-Words (BoW), 
an approach developed by the computer vision 

 
Fig. 1a) Manually driving to drop-off zone and then 
autonomous driving to the parking 

 
b) Autonomous driving from parking to pick up zone 
then autonomous driving (Copyright Roland Lenain) 

 
Fig. 2a) The driver performs the usual driving 
maneuvers, the AVP learns the environment and 
the trajectories and it will be able to emulate them in 
the future or adapt them to new situations 

b) Autonomous driving maneuvers in a known 
environment (Copyright Roland Lenain) 
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community. The algorithm extracts unique “words” 
for each key image it extracts, compiling a word 
dictionary. 

It basically reduces matching two images to 
finding the maximum similarity between multiple 
BoW. At the end of the process, it is possible to 
have a single match and sometimes multiple 
correspondences [26]. To avoid this, the algorithm 
compares the history of matching images, 
eliminating the impossible correspondences. 

2.5 Localization by Pose Estimation Between 
Images 

Knowing the angle of the vehicle is critical for 
simplifying the transition between the global and 
incremental localization, as well as for restricting 
the search space. Fig. 3 shows how the algorithm 
eliminates the impossible angles or camera poses. 

This means the images provided by the global 
localization are compared with the current view to 
detect the relative position. For each image, the 
points of interest are determined and pairing is 
accomplished using RANSAC (Random Sample 
Consensus) technique, which detects and elimi-
nates mismatching pairs. 

2.6 Ultrasonic Perception 

The Autonomous Valet Parking uses an 
ultrasonic system to determine the obstacle-free 
trajectory in real-time. This area may not be 
completely visible from the point of view of the 
vehicle, for example when it is entering the 
garage. The ultrasonic system detects obstacles 
located between 0.2 m and 4.095 m, although 
their range is limited, ultrasonic sensors are 
sufficient for this application because the car has 
a limit of ± 1.5 m from the learned trajectory. So, if 
the car detects that it needs more than 1.5 m to 
overtake an obstacle it will announce to the driver 
that the path is blocked. 

The data gathered by the ultrasonic sensors is 
saved using a quadtree. This data structure tree 
has an internal node with exactly four children. 
Such quadtrees are used to partition a two-
dimensional space by subdividing it into four 

quadrants (Fig. 4). 

This data structure allows the system to build a 
dynamic map and expand it in multiple directions. 
A big advantage of this data structure is that 
unexplored zones use a little storage memory. 

3. DEVELOPMENT TRENDS IN AUTOMATED DRIVING 

Safety, efficiency, extended mobility, comfort, 
and convenience are the main motives for driving 
automation. While we can observe these concepts 
through different trends in this field, their individual 
aspects largely depend on the deployment area or 
the intended purpose. 

3.1 Individualized Public Transport 

With the introduction of autonomous vehicles, 
individualized public transport could eliminate 
fixed routes and timetables, also reducing the 
vehicle size. This would allow users to choose 
vehicle types and features which currently exist 
only on medium- and long-distance trains. 

The first step in individualizing public transport 
would be company buses, exemplified by the so-
called Google Bus. Equipped with Wi-Fi access 
and operating in San Francisco Bay Area, it works 
as a shuttle that serves a specific community. 
Similar concepts will be even more attractive when 
offered as autonomously driven vehicles. 

In addition, autonomous technology could 
enable new carpooling concepts, ones that 
combine common ownership and use of vehicles. 
Even conventional carpooling services such as 
Uber and Lyft could become obsolete with the rise 
of autonomous vehicles, as they evolve into peer-
to-peer sharing. 

3.2 Carsharing in Vehicle on Demand 

In the vehicle on-demand use case, an 
autonomously moving vehicle is legal and 
regulated on all public roads, while the driver is not 
necessary. A carsharing vehicle on demand has 
the same advantages as a carsharing vehicle with 
a valet parking function, but the vehicle can now 
become something like a train compartment on the 
road. Users could engage in diverse activities 
such as reading, playing, telephoning, even 

 

Fig. 3 A quadtree representing a two-dimensional 
space recursively subdivided into four quadrants 

 

Fig. 4 Elimination of impossible poses of the camera 
within the area of research (Copyright Roland Lenain) 
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working remotely, or taking a nap. Carsharing in a 
vehicle on demand would be analog to a taxi ride, 
and since the autonomous vehicles would be 
available to a wide pool of users, they would most 
definitely replace taxis. 

3.3 Flexible Public Transport Intermodality 

Defined as the change between different 
transport modes for the duration of a journey, 
intermodality currently exists only to a limited 
extent. In Germany, for example, intermodality 
applies to only 1.3% of all day-to-day journeys. 

Public transport, however, offers a considerable 
amount of intermodality, especially in linking the 
main routes with access and exit routes. An 
example is accessing commuter or regular trains 
via a bus line, as is often the case in suburban and 
rural areas. The concept is even more pronounced 
in cities, with intermodality between various 
modes of the subway, computer trains, trams, and 
buses. 

In theory, the cost-benefit analysis of a daily 
intermodal trip must consider the demand side and 
supply side: 

𝐶𝑖𝑗𝑘 = ℎ𝑘𝑇𝑖𝑗𝑘 + 𝑃𝑖𝑗𝑘 + β
𝑘
 

where 
ℎ     is the value time of mode k. 
𝑇  is the journey time of mode k from origin 

to destination j. 
𝑃  is the use cost of mode k from origin i to 

destination j. 
β  is the complementary index (comfort, 

safety, etc. [4]) 

Autonomous driving could reshape inter-
modality along the existing lines, but with the 
introduction of private cars. Getting to and from the 
main lines would be similar to what is today known 
as “kiss and ride” – one person drives another to 
the main route, says goodbye, and takes the car 
with them so they can use it for the rest of the day. 
With an autonomous vehicle, the first person 

would not need to drive at all, as no driver would 
be needed for the return trip. 

On the other hand, if traveling to and from main 
lines is done on a public system, autonomous 
vehicles could meet user requirements more 
precisely. Fixed routes and schedules could be 
abandoned in favor of individually arranged pick-
up times and locations. This means a larger fleet 
of small and medium-sized vehicles would fit this 
role much better than full-size buses. The local 
public transport would then be retailored to a 
variety of collective taxis with customized capacity. 

Table 1. Shows the current advantages of using 
intermodal public transport on the example of the 
city of Paris. 

Automation aside, the logistical challenges of 
this concept would be enormous. For the system 
to function properly, it would be essential that the 
user sticks to the agreement with the operator 
every time. Transformed in such a way, the public 
transportation service could lead to new financing 
modes, either in the form of pay-as-you-ride or a 
flat rate, financed by all citizens through the tax 
system. 

4. DEPLOYMENT SCENARIOS FOR VEHICLES WITH 

HIGHER-ORDER AUTOMATION 

Higher-order automation includes driving with 
conditional, high, or full automation. These cate-
gories emphasize the step beyond the partially 
automated scenario – when the driver no longer 
monitors the vehicle or system continuously. This 
radical shift allows the driver to pursue other tasks 
during the trip besides operating the vehicle. 
Ultimately, a “driverless” vehicle would not even 
require a human driver, which will pave the way to 
completely new production models. 

4.1 Evolutionary Scenario: Continuous 
Improvement of Driver Assistance 

For decades, advanced driver assistance 

 

Table 1. Private cost of a trip according to distance in the greater Paris region 
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systems have been introduced to passenger and 
commercial vehicles. Among others, these include 
anti-lock braking systems (ABS), electronic 
stability control (ESC), adaptive cruise control 
(ACC), and lane-keeping assist. 

These systems have emphasized increasing 
safety and in some cases comfort and con-
venience. 

In this “evolutionary scenario,” we can track the 
steady increase in the use of advanced driver 
assistance systems followed by successive steps 
(Fig. 5) towards vehicle automation and conse-
quential reduction in the driver’s responsibilities. 

For the first time, productional vehicles are fitted 
with system suites that automate both longitudinal 
(acceleration, braking) and lateral control 
(steering). This partially automated system is often 
called a “traffic jam assistant” and combines 
adaptive cruise control with lane-keeping assist, 
effectively automating control of the vehicle in 
slow-moving traffic. In this mode, the driver’s role 
is merely to supervise the system and intervene if 
needed [2]. 

The next anticipated development stage is 
increasing parking automation. Many of today’s 
vehicles are capable of facilitating both angled and 
parallel parking, but these systems tend only to 
take over the steering, leaving drivers in control of 
the accelerator and the brake. In the near future, 
partially automated solutions could offer not only 
system-controlled steering but also acceleration 
and braking. In these scenarios, the driver’s role 
will be to merely monitor the system, perhaps 
authorizing the parking maneuver by pressing a 
button. 

Many well-known automakers and system 
suppliers are working towards designs that should 
accelerate the evolution toward higher-order 

automation. However, traffic safety is always 
treated as the number one objective, while 
increases in efficiency, comfort, and convenience 
are seen as added benefits. 

4.2 Revolutionary Scenario: Redesigning 
Personal Mobility 

For the last decade, non-automotive companies 
have been working on their proprietary automated 
vehicles. Unlike the evolutionary scenario followed 
by the auto industry, where tested and deployed 
solutions evolve towards greater automation, 
these companies are promoting a revolutionary 
scenario – developing new concept vehicles from 
scratch [5]. They claim that their solutions prevent 
traffic accidents, free up people’s time, and reduce 
carbon emissions by completely changing the way 
we use cars. 

Such announcements and published design 
descriptions prove that these businesses are not 
going for the continuous improvement of driver 
assistance towards autonomous driving, but 
rather for a big leap into a scenario in which the 
user/driver has no role in driving whatsoever. 

For these companies, an essential design 
feature in automotive vehicles is the inclusion of 
artificial intelligence. This means relying on 
learning algorithms rather than the closed 
arithmetic designs that are pursued by the auto 
industry. Learning systems can improve object 
recognition, and, over time, learn from the user’s 
behavior and preferences. 

These features are a bit unusual from the auto 
industry point of view, where products are 
introduced with a full range of features that remain 
static until the next generation is presented. On 
the other hand, in the computer industry, it’s 
normal to introduce a product and then upgrade its 

 

Fig. 5 Timeline for the deployment of advanced driver assistance systems (Copyright Sven Beiker) 
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range of functions over time. This can happen 
either through learning algorithms or regular 
software updates. 

The development strategy for the evolutionary 
scenario embraced by the auto industry is pretty 
straightforward, but the same cannot be said for 
the revolutionary scenario. The developers from 
the IT industry have no prior experience with 
automobiles, so they’re setting highly complex 
goals in the field outside their core business. 

However, it’s now evident that the test vehicles 
with high-order automation, that are currently 
undergoing development, will use maps and 
images that help in automated driving. This might 
be an opportunity for non-automotive companies 
to offer services and online software products 
which could launch vehicle automation on a mass-
use level [6]. As a result, accompanied mapping 
and graphical data could be modified for broader 
use, which is more in line with an evolutionary 
rather than a revolutionary automation scenario. 

Another deployment scenario that supports 
revolutionary development is vehicles with high-
order automation for the transportation of 
passengers and goods [25]. These automated 
taxicabs are conceived as platforms for food 
deliveries, home delivery from local retail outlets, 
or deliveries of any sorts of products ordered 
online. Judging from strategic investments and 
goals and leading companies in these areas, 
automation of product delivery is a promising field 
of application for vehicle automation. Various 
drones for food delivery and automated garbage 
removals are already in the trial phase. 

Table 2 presents some of the responses from 
Continental’s mobility study survey of 2013 to 
different automation scenarios. 

Although non-automotive technology compa-
nies start with limited deployment, they have the 
opportunity to gather serious experience and data 
in the short term, including the public opinion of 
these innovative concepts. That would allow them 
to apply their ideas on a regional, national, and 
even global scale. This kind of development would 

go against the auto industry and could even be 
harmful to the reputation of companies that try it. 
Nonetheless, it’s standard practice for non-
automotive companies. 

4.3 Transformative Scenario: Merging Personal 
Mobility and Public Transportation 

The third deployment scenario is based on 
transportation solutions provided by slow-moving 
passenger vehicles in urban areas. In theory, a 
consumer would summon such a vehicle using a 
smartphone app and take a relatively short ride. 
These systems are already being developed by 
high-tech start-ups but can also be interesting to 
transportation service providers, municipalities, 
and operators of amusement parks. For these 
subjects, this concept combines the advantages of 
personal mobility and public transportation. In 
other words, independence and flexibility, and 
efficient use of energy and space. 

Start-ups are motivated to develop new busi-
ness models in this area, especially companies 
from unrelated sectors, which may use image 
processing, object recognition, and route planning 
systems to advance transportation models with 
high-order automation that would operate in a 
limited geographical range [16-24]. For example, 
these solutions could be used to reach bus and 
urban rail hubs in areas where a regular schedule 
is not feasible (so-called first, or last mile). 

Another use might be a “park-and-ride” system 
where users drive their cars to a parking lot on the 
outskirts of a city or amusement park, only to 
transfer to a locally-run transportation service. 
This infrastructure might also be applied in places 
where private cars are not permitted or practical or 
where buses with set schedules are not suitable. 

It is unavoidable that these autonomous solu-
tions would compete with conventional taxis, but 
should be more affordable, comfortable, and 
innovative. These automated-mobility-on-demand 
(AMOD) systems are essentially individualized 
public transportation that promise to transform 
traffic in urban areas. In their favor, the taxi 

 

Table 2. Effects of scenarios on previous transport mode use 
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industry is currently struggling with comparatively 
high labor costs. Automated vehicles, on the other 
hand, reduce the need for human resources, 
boosting profits. Unfortunately, their introduction 
would be accompanied by a loss of employment in 
the sector. 

A number of cities have conditions that meet 
those in use cases of AMOD systems, and it is on 
the trials to determine whether residents will take 
advantage of the services and whether this can 
evolve into a profitable business model [7]. It is 
highly probable that individual municipalities, 
shopping malls, and amusement park operators 
will introduce automated on-demand transpor-
tation systems in the short term. The list of 
successful role models is growing, and by the end 
of this decade, we will already have a wide choice 
of experiences, as automated vehicles win the 
trust and acceptance of their users and other parti-
cipants on the road. 

In spite of shortcomings like limited geo-
graphical range and low travel speeds, these 
systems could propel the evolutionary deployment 
scenario – automated vehicles being used on 
public streets and highways. 

5. COMPARISON OF THE THREE SCENARIOS 

These three scenarios have both different and 
shared objectives. Table 1 gives an overview of 
use cases for vehicles with high-order automation, 
with objectives, potential implementations, and 
business models provided for each scenario. 

Raised safety and efficiency of road traffic are 
the shared objectives for all three scenarios. In 
addition, they tend to specialize in terms of the 
intended usage of a vehicle or assistance system. 
For private cars, for example, driving with high-
order automation will be at first offered only for 
highways or parking, which are specific driving 
situations. At the same time, new transportation 
concepts will first be offered only in restricted 
geographical ranges such as amusement parks or 
shopping malls. While today anyone can drive a 

private vehicle anywhere, provided they have a 
driving license, with the emergence of higher-
order automation, the use of vehicles might 
become more limited or case-specific. 

The evolutionary scenario presumes continual 
advancements in driver assistance systems and is 
intended for an unrestricted geographical range. 
However, it offers a significantly lower level of 
automation when compared to other scenarios. 

Contrastingly, the revolutionary scenario, which 
aims to redesign personal mobility as a whole, and 
the transformative scenario, which aims to merge 
personal mobility and public transportation, both 
assume a very high degree of automation. Both 
scenarios involve a rapid development of fully 
automated technology but within a limited geo-
graphical range such as a familiar neighborhood 
or a public facility [8-15]. 

In simple words, we could say: 

 The evolutionary scenario → unrestricted 
geographical range, limited automation 

 The revolutionary and transformative 
scenarios → restricted geographical range, 
unlimited automation 

There is one potential use case for vehicles with 
higher-order automation, which is significant but 
cannot be directly assigned to any of the three 
deployment scenarios – automated platoons on 
highways. They are defined as groups of 
automated vehicles that are normally used 
individually but can join together into a virtual train 
using a common communication infrastructure 
[25-34]. 

The evolutionary scenario uses sensor and 
processor components that are highly reliable, 
equipped with fallback systems, low-maintenance, 
and cost-efficient for maximum availability (Table 
4). The transformative scenario, on the other 
hand, presumes highly accurate and customizable 
systems that guarantee maximum automation, 
even if it means necessary preparing the elaborate 
infrastructure. 

 

Table 3. Timeline for the deployment of advanced driver assistance systems (Copyright Sven Beiker) 
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This architecture allows for longitudinal (braking 
and accelerating) and lateral (steering) control to 
be automated. These vehicles would require a 
special communication standard and only 
compatible vehicles could be included. At the 
beginning, at least, the first vehicle in such a train 
would be driven by a professional driver, while the 
following vehicles would not require any continual 
supervision. Their drivers would only need to 
intervene in exceptional cases. 

This scenario combines various features of the 
evolutionary and transformative scenarios that 
make it realistic for deployment in the near future. 
However, it also brings additional issues, such as 
logistics of how to join and leave the train, passing 
by other vehicles, and keeping legal distance. 

6. CONCLUSION 

Developing a fully autonomous driving car is 
currently one of the biggest challenges for the 
automotive industry. The technology for 
automated driving is already available. However, 
even if proven feasible for mass use, the 
autonomous vehicle infrastructure still requires 
significant research due to the complexity of the 
systems, implementing costs, and legislation.  

The ongoing evolution of driver assistance 
systems and the three deployment scenarios for 
achieving higher-order automation seem to have 
different and largely independent development 
paths. However, there is common ground to be 
found, especially in the areas of infrastructure and 
public acceptance. In addition, all three deploy-
ment scenarios work towards the same final 
outcome – full automation of vehicles that are 
currently driven by humans and exploiting new use 
cases and business models. 

On the other hand, differences between the 
scenarios point out the need for vehicles with 
higher-order automation to be introduced in 
different geographical localities with flexible sizes 
and regions. The evolutionary, revolutionary, and 
transformative scenarios are likely to be 
introduced at different points, which will result in a 
staggered deployment timeline. 

It is reasonable to predict that the transformative 
scenario will lead the change and gradually 
introduce the revolutionary scenario, which would 
pave the way for the evolutionary scenario, as the 
final stage of automation. 
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