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Removing the human factor from transport (in the direct sense) is still a plan, reaching into the future. However,

this plan does not require so much imagination — autonomous vehicles can already be found on the roads.
Currently, they are not only autonomous but also independent, i.e. decisions about traffic parameters are made
in the vehicle. In the future, with more autonomous vehicles, there will be a need to connect them with
a communication network, which will eliminate a number of telematic problems. It remains an open question
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how to make this network? Is it based on the modern Internet network? What and which data will be necessary
to achieve the “right relations” between autonomous vehicles (hosts of network)? The article presents one
aspect of the mentioned problem; the amount of data generated by an autonomous vehicle is presented in light of
the processing capabilities of modern ICT systems.
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1. Introduction

The automobile market is facing (as it typically does)
new challenges and its evolution is accelerating. One of the
new challenges is the idea of autonomous vehicles. The
main aim behind attempts to replace human drivers with
machines is to minimize or even eliminate human error (but
still meet emission standards [2]). According to WHO, 1.25
million people die annually in road accidents around the
world. While full statistics on road accidents are not availa-
ble in developing countries, data show that over 80% of
collisions and accidents in developed countries are caused
by humans [2]. A key requirement for a driver is to have
high mental ability to accurately evaluate the situation on
the road and make responsible decisions. Motor skills are
equally important, as they allow the precise execution of
the intended maneuvers. Research indicates that road acci-
dents are mainly caused by young drivers (aged below 25)
and by people older than 60 years [3]. However, the reasons
for the accidents were different for the two groups: the
older people have lowered motor skills, while the younger
people show impulsive behavior, aggression or even
a pathological fear of driving a vehicle. Although the poor
condition of roads and vehicles is (often) mentioned as the
main cause of accidents and collisions, research shows that
such events are most frequently caused by an inappropriate
response from the driver. The problem of high car accident
rate can be solved by increasing the skills of the driver (re-
quires stricter traffic regulations), improving the condition of
the infrastructure, validating vehicles or delegating control
over the vehicle to a unit which is capable of minimizing the
number of driving errors, i.e. by fully automating the driving
process (the driver only defines the destination).

2. Last-mile transport in Personal Rapid Transit
networks
Over the years, scientists and engineers have been pur-
suing options to shift the responsibility for driving a car

from humans to machines. The idea dates back to the 1920s
[2]. The motivation behind the early attempts made in the
U.S. has not changed — to improve safety and reduce the
number of fatal accidents. Currently, car manufacturers
compete in developing self-driving technologies in order to
gain prestige which allows them to draw specific clients
and offer them services not offered by the competition.

The first automated guided vehicle (AGV) was the
Guide-O-Matic, which was able to follow a wire path and
which was constructed in the 1950s by Arthur ,,Mac” Bar-
rett, owner of Barrett Electronics [5]. Another modification
is an inertial navigation system (INS) with reference points,
coordinates, a gyroscope and sensors for detecting the posi-
tion — following the idea that a modification of the route
consists of the modification of the reference points. Despite
making the impression of intelligence, such vehicles still
only move along a predefined track and are not able to
independently plan actions and make autonomous deci-
sions. They perform carefully planned movements in
a limited space, owing their increased popularity largely to
high efficiency and precision, as well as to the fact that they
can be used in working conditions harmful to humans.

The PRT system is a modern type of urban transporta-
tion (typically electric). Its basic elements are small vehi-
cles capable of transporting a limited number of passengers
and moving autonomously in a designated aerial space or in
a dedicated traffic lane [5, 6].

In its current form, PRT can provide transport in an on-
demand mode or supplement local transportation systems in
which no intermediate points exist between the starting
point and the finish point and in which the infrastructure
comprises redundant tracks, allowing an optimal route
choice depending on the conditions.

In September 2019, an autonomous bus manufactured
by EasyMile transported passengers to the local ZOO in
Gdansk, Poland, as part of the Sohjoa Baltic program titled:
“Transformation to ecological and autonomous last-mile
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public transport in the Baltic region” [8]. This experiment
may be considered the first widely available public PRT
application in Poland. For passenger safety, the operator
present in the vehicle was required to react in case of prob-
lems, and the bus moved along one, dedicated lane of Kar-
wienska street — the lane was closed to other vehicles.

Although all vehicle manufacturers agree about the
CASE standard (connected, autonomous, safe, and efficient
— the last one being frequently understood as electric) they
rather disagree on the technical details of this system. The
2019 CASE agreement was signed by Aptiv, Audi, Baidu,
BMW, Continental, Daimler, FCA, HERE, Infineon, Intel
and VW [16]. The above car manufacturers work inde-
pendently, focusing on building advantage over their com-
petition and providing their cars with cutting-edge equip-
ment. However, their ultimate goal will be to develop
a uniform and complex system that will be implemented by
all of the manufacturers and which will serve as a basis for
designing equipment used in autonomous vehicles. Failure
to adhere to such defined standards will result in a signifi-
cantly increased road-accident risk.

The Society of Automotive Engineers (SAE) identifies
six levels of driving automation, with level O representing
no driving automation and level 5 — full driving automation
[2]. Levels 1-4 are intermediate, with gradually increasing
driver support during maneuvers and analysis of the situa-
tion on the road and around the vehicle.

Level 3 raises the greatest controversy, as numerous ex-
perts believe that it should be completely eliminated. In this
level, the vehicle completely controls the surrounding area
and moves with no need for the attention of the driver. The
controversy is related to the fact that the car may inform the
“passenger” about the need to regain control of the vehicle,
and if the human using the “autopilot” and not focusing on
the road is suddenly interrupted, they may pose a threat to
themselves and other road users. Modern trucks frequently
meet the requirements of level 2 — they offer adaptive
cruise control and lane centering on highways. They are
also able to connect in a convoy using the V2V technology
in order to continue a part of a journey synchronously.
Trucks in such convoys travel with constant speeds and

Partial
Automation

Driver
Assistance

Automation

Vehicle has combined
automated functions,
like acceleration and
steering, but the driver
must remain engaged
with the driving task and
monitor the environment
at all times

Zero autonomy, the
driver performs all
driving tasks

Vehicle is controlled by
the driver, but some
driving assist features
may be included in the
vehicle design

with fuel consumption reduced by approximately 4-5 liters
per 100 km [18], resulting in higher efficiencies, lower
operating costs and lower emissions of harmful gasses into
the atmosphere. Although the 2016 European Truck Pla-
tooning Challenge tests of autonomous synchronized driv-
ing in a convoy were successful [2], the main goal of the
international EU-supported ENSEMBLE program (intro-
ducing truck platoons to selected European public roads
before the end of 2021) has not yet been accomplished. The
remaining problem is for truck manufacturers to agree on
standards which would allow the safe and effective multi-
brand platooning.

Over the years, scientists and engineers have been pur-
suing options to shift the responsibility for driving a car
from humans to machines. The idea dates back to the 1920s
[2]. The motivation behind the early attempts made in the
U.S. has not changed — to improve safety and reduce the
number of fatal accidents. Currently, car manufacturers
compete in developing self-driving technologies also for
prestige which allows them to draw specific clients and
offer them services not offered by the competition. The first
automated guided vehicle (AGV) was Guide-O-Matic,
which was able to follow a wire path and which was con-
structed in the 1950s by Arthur ,,Mac” Barrett, owner of
Barrett Electronics [5].

3. Routing Protocols in Transport (*'Driving

Protocols')

The topology of transportation roads can be compared
to a map, in which “streets” represent physical communica-
tion paths (routes), “signs” represent the result of the in-
volved protocols (routing), and “addresses” represent
a particular location. From the perspective of information
technology, the analogy to the global network (the Internet)
is eclectically similar, if each autonomous vehicle (AV) is
understood to be in fact a host. Each device connected to
the global network needs to acquire a unique IP address,
and the rapid growth of the number of devices operating
within the Internet of Everything (I0E) necessitates the use
of the IPv6 protocol as the communication tool.

Conditional

Automation Automation Automation

The vehicle is capable of
performing all driving
functions under certain
conditions. The driver
may have the option to
control the vehicle

Driver Is a necessity, but
Is not required to monitor
the environment. The
driver must be ready to
take control of the
vehicle at all times
with notice

The vehicle is capable of
performing all driving

functions under all
conditions. The driver
may have the option to

control the vehicle,

Fig. 1. Driving automation levels as defined by SAE [17]
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In order for AVs to reach global markets on a mass
scale, the number of available IP addresses should be suffi-
cient both at present and in the future perspective. The IPv6
is additionally advantageous in that it allows the connected
devices to be configured automatically, thus effectively
limiting the number of potential mistakes and enabling an
unambiguous identification of each machine [19].

Each AV regularly generates a finite portion of data,
which are then processed locally and later sent to the server
for interpretation. The acquired information can be classi-
fied by its usage method as:

— technical data
— crowdsourced data
— personal data.

The technical data, acquired from the sensors and pre-
processed in order to remove faulty or incomplete electron-
ic measurements, allows the vehicle to analyze its surround-
ings. The implementation of artificial intelligence which
identifies the source of each piece of information and fuses
the information in real time into one coherent and valuable
unit will allow highly “intelligent” (autonomous) vehicles
which will be capable of making “conscious” decisions on
the road.

The crowdsourced data are acquired from the collective-
ly shared information and will allow optimal planning of
the occupied space and effective management of the road
traffic. To date, such data were collected only from meas-
urement points installed along the road infrastructure,
which thus needed modification. The typical solutions in-
clude induction loops, vision cameras and microwave de-
vices. Additional data, albeit less reliable, are also collected
from commercial services based on sensor readings from
fleet vehicles. Additional sensors installed in autonomous
vehicles will allow the acquisition of very precise data
directly from the machines. As a result, the vehicles will be
able to communicate with each other in a complex, ant-
robot manner, following the concept of miniature, intelli-
gent electronic devices which act as autonomous individu-
als but cooperate to accomplish a set goal [20].

In the context of AVs, the above concept will lead to
full cooperation between the machines and to the definition
of a hierarchy between the road users (hosts). This phe-
nomenon will be of particular importance in the transition
period, when AVs will have to coexist with other “less
intelligent” machines. The analysis of data incoming from
other road users will allow a reduction in the number of
dangerous road accidents.

Personal data are packages of information most closely
related to the vehicle user. In the first stage, they will serve
only to identify the user, and in the next stages — also to
increase the travel comfort by means of personalization,
such as selecting the preferred route or following further
points on the agenda of the user.

The above solutions imply a substantial amount of data
generated by an AV. It is impossible for the vehicles to
exchange complete information within the autonomous
system. In the case of “conscious transport” (in which AVs
know about each other by exchanging information), the
vehicle should be treated as a (mobile) host, (not a node!) in

an ICT network. The problem of routing between hosts has
already been solved in IT. A number of the so-called rout-
ing protocols have been designed to allow the exchange of
information between nodes (intermediate points) following
the “best” path (route) between two points. The intermedi-
ate points use the routing protocol to indicate the optimal
path for the host (vehicle). The protocol running in the node
calculates the “best path” by including a number of varia-
bles, such as distance, traffic intensity, blockades or priori-
ties. The following is a short description of the three most
popular open-source protocols: RIP, OSPF and EIGRP.

Routing Information Protocol

The first version of Routing Information Protocol (RIP)
is described in document RFC 1058, which dates back to
June 1988 [10]. To date, new versions have been published:
RIPv2 — the second version, working with IPv4 [22] and
RIPng — a version dedicated to IPv6 [24]. RIP selects the
route based on the best path. In the case of RIP, the best
path is the one with the smallest hop count (this metric is
calculated with the graph-based Dijkstry algorithm — the
best path has the smallest count, as it requires the smallest
number of hops — intersections).

OSPF protocol

OSPF (Open Shortest Path First) is a protocol more
complex than RIP — it is used in autonomous systems oper-
ating in a medium having different bandwidths (road capac-
ity). The first document describing the OSPF protocol was
published in 1989. It is currently available in two versions:
OSPFv2 for IPv4 [21] and OSPFv3 for IPv6 [10]. The
protocol divides the network of local routers into areas, i.e.
groups of nodes, and employs the flooding technique to
inform the neighbors (nodes) about changes in the topolo-
gy. Each node (router) in the OSPF network maintains
a routing table for its area. Border routers — which are part
of one area but neighbor another area — additionally have
the routing table for the neighboring area. The OSPF proto-
col uses an additional designated router to store all local
routes.

EIGRP protocol

EIGRP (Enhanced Interior Gateway Routing Protocol)
is a hybrid protocol which combines the features of the
above-described protocols. Therefore, it is theoretically the
most "intelligent" protocol of the three. Unfortunately, its
more advanced algorithm causes this protocol to use more
node resources. EIGRP was developed by Cisco, and its
description can be found in RFC [13]. It employs
a highly specialized transport protocol called RTF (Reliable
Transport Protocol). The EIGRP algorithm searches for the
best path to the destination using a mathematical function
with variables such as bandwidth, reliability, delay, and load
(in terms of transport: road capacity, current traffic intensity,
accident statistics, and speed statistics, respectively).

4. Estimation of computing power demand from
PRT
To analyze the amount of continuously flowing data
generated by a vehicle, Intel “froze” their static fragment.
This approach allows the application of current knowledge
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to the theoretical investigation of the problem. Based on the
average time spent in the car by the user, Intel predicts that
a single autonomous vehicle will generate approximately
4 TB of data [11].

The Mobileye autonomous vehicle has been provided
with 12 cameras, 6 lidar sensors, 6 radars, a sonar and
a GPS receiver, and the total amount of the generated data
is provided in Table 1.

Table 1. Theoretical amount of data (optimistic variant) generated by Intel

Mobileye
Optimistic variant — vehicles generate a minimum expected amount
of data

Source per sec [-] Data sent Data sent
over1.5h over1.5h

[MB] [GB]

Radar 60 kB 316.41 0.31

Sonar 10 kB 52.73 0.05

324000 316.41
263.67 0.26

Table 2. Theoretical amount of data generated (pessimistic variant)
by Intel Mobileye

Pessimistic variant — vehicles generate a maximum expected amount of
data
Source per sec. [-] Data sent Data sent
over1.5h over1.5h
[MB] [GB]
Radar 600 kB 316.06 3.09
Sonar 100 kB 527.34 0.51
2268000 2214.84
263.67 0.26

information should be sent to the server cyclically as the car
is in motion, and which information can be sent later. The
data for immediate transmission include GPS coordinates
which allow the analysis of the local traffic and enable the
cooperation with regular vehicles. The information needed
by the AV to make independent decisions on the road can
be given a lower priority.

5. Potential to compress the AV data - lidar, GPS,

video

Lidar sensors emit waves continuously or cyclically,
and the scattered light beams are reflected from obstacles.
The analysis of the intensity of the wave recorded by the
optic system allows a precise estimation of the distance to
and the shape of the objects. The cloud point thus generated
offers a highly accurate representation of the geometry of
the surrounding objects. Unfortunately, the specific charac-
ter of lidar data disqualifies them as the only source of
information for an autonomous vehicle — although lidar
Sensors are very precise, they are sensitive to weather con-
ditions: the signal is “lost” not only in the presence of fog
and clouds, but also when touching the asphalt. The combi-
nation of lidar and other sensors will eliminate dead zones,
i.e. fragments of the surroundings not visible to the vehicle
from the available perspective. It will also allow an ad-
vanced correction of the measurement errors and provide
information about important object features such as convex-
ity and speed, enabling the vehicle to predict events and
plan maneuvers with appropriate response time. Tests [12,
14, 15] have demonstrated that with the algorithm correctly
adjusted to the type of the surroundings the file size can be
considerably reduced. In urban traffic conditions, the origi-
nal amount of data could be reduced by 75% without any

Even in the optimistic approach, in which the amount of
data is three times lower than in the pessimistic scenario,
the 3 trillion vehicles estimated to be on the roads in 2050
will generate at least 12 yottabytes of information per day —
a value comparable to the content of the entire Internet. The
above estimation indicates a necessity for implementing
driving protocols that will enable fully automated autono-
mous transportation.

The decision can be postponed in waiting for improved
transmission medium and server solutions to be ready to
accommodate the above-mentioned load. However, this
progress will simultaneously apply to the equipment in-
stalled in intelligent vehicles: engineers will hesitate to
implement additional modules as they will be expected to
generate increased amounts of data. The potential of AVs
can be fully utilized only if the scalability of this solution is
increased, as optimization seems to be the missing link on
the road to the global implementation of this technology
[4]. Unfortunately, the current problems include the need to
define which sources of data the machine will need at
a particular moment or which information will enable the
effective management of transportation. Therefore, all
available data must be initially acquired to enable efficient
management of the tested AV fleet [7]. The properly identi-
fied transmission priorities will allow a decision on which

significant loss of data quality.

Table 3. Theoretical amount of data (optimistic variant) generated

by vehicle
Optimistic variant — vehicles generate a minimum expected amount of
data
Source per sec. [1 Data sent Data sent
over1.5h over1.5h
[MB] [GB]
Radar 60 kB 316.41 0.31
Sonar 10 kB 52.73 0.05
Lidar 15 MB 81000 79,10
GPS 263.67 0.26

SUM TOTAL: 1345.34 GB

Table 4. Theoretical amount of data (pessimistic variant) generated

by vehicle
Optimistic variant — vehicles generate a minimum expected amount of
data

Source per sec. [1 Data sent Data sent

over 1.5h over 1.5h

[MB] [GB]

Radar 60 kB 3164.06 3.09
Sonar 100 kB 527.34 0.51
Lidar 105 MB 567000 553.71
GPS 263.67 0.26

SUM TOTAL.: 3088.82 GB
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Although it is very useful for the driver today, the 2D
GPS (Glonass, Galileo) map is not a sufficient source of
information for an autonomous vehicle — the data that an
AV requires must be of accuracy and precision level suffi-
cient to allow the vehicle to make a proper decision on the
road. Being provided with advanced electronic systems and
software, AVs will be able to use the 3D map technology.

The 3D map is a series of repeatedly taken photographs
or 3D lidar scans which serve to construct a point cloud
comprising objects present in the particular space. Each
object has an assigned depth which is used to determine its
distance from the road axis.

In order to increase precision or eliminate occlusion, the
data are subjected to additional operations and subsequently
to compression with the aim for the “view to be presented
from the center of the roadway in perpendicular to its edge”
[9]. In the DNA Roadmapping project, TomTom attempted
a digital mapping solution with a positioning accuracy of up
to 5 cm with respect to the road lane [25].

The basic elements of the system comprise the follow-
ing layers:

— RoadDNA - a detailed point cloud for a particular
location

vertical traffic signs and horizontal lines on the roadway
— adjusted to enable the positioning of a vehicle on the
basis of data from its cameras

radar — supplementary positioning data enabling the
continuous view of objects scanned by sensors

lamp posts along the road, which facilitate the
positioning of a vehicle with the use of data from radar
or lidar sensors, as well as from cameras

road surface, using the reflectivity of the lidar laser
beam.

Fig. 2. RoadDNA technology developed by TomTom [25]

Intel estimates the amount of data sent by the GPS
module at approx. 50 kbps and the main purpose of provid-
ing AVs with such a receiver is to build a traffic map and to
analyze data for the informed development and manage-
ment of the road infrastructure. However, the effectiveness
of GPS can be increased by expanding its functionality with
the option to read additional parameters directly from the
vehicle.

Table 5. Impact of GPS data compression (Albatross) on the amount
of generated data

Optimistic variant — vehicles generate a minimum expected amount of
data
Source per sec. [ Data sent Data sent
over1.5h over1.5h
[MB] [GB]
Radar 60 kB 316.41 0.31
Sonar 10 kB 52.73 0.05
Lidar 15 MB 81000 79.10
GPS 0.2 kB 1.05 0.001

SUM TOTAL.: 1345.09 GB

Table 6. Impact of GPS data compression (Albatross) on the amount
of generated data

Pessimistic variant — vehicles generate a maximum expected amount of

data
Source per sec. [-] Data sent Data sent
over1.5h over1.5h
[MB] [GB]
Radar 600 kB 3164.06 3.09
Sonar 100 kB 527.34 0.51
Lidar 105 MB 567000 553.71
GPS 0.2 kB 1.05 0.001

SUM TOTAL.: 3088.57 GB

With high-resolution (UHD or 4K) devices, the imaging
(“video”) function will allow a 360-degree representation of
the surroundings and a full view of the situation on the
road. Proper recognition of the color space ensures that
objects are correctly identified in different light conditions,
and a high frame-per-second rate reduces the response time
of the vehicle. However, the disadvantage of modern solu-
tions lies in the size of the output file, which may hinder the
effective transmission of the material to the server. A prop-
er video compression may facilitate the information trans-
mission over the network. However, video compression,
based on a series of the so-called codecs and continuously
developed protocols, will not be able to meet the demand
resulting from the amount of data generated by new ver-
sions of imaging technologies. The above problem is of
significance, as this type of sensors is currently the basis for
the local autonomy of vehicles (although not all of the in-
formation needs to be transmitted).

We cannot forget about possible additional diagnostics,
which will result from the vehicle's supply method (e.g.
control of electricity flow in the vehicle [23]) and the use of
this information to place the vehicle in the charging queue.
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6. Conclusions

Although intelligent transport systems are still in the test
phase, public administration should already regulate and
support the development of new standards by building a
uniform digital infrastructure for numerous and various
economic entities. The purpose of tests performed across
the world is not only to prepare societies for the broad de-
ployment of autonomous vehicles but most importantly to
identify the potential problems and eliminate them at an
early stage. From this perspective, Sweden is the leading
country, with a range of legal acts regulating the use of
AVs and their tests on public roads.

To date, discussions on the future of vehicles and their
propulsion systems have focused on two aspects: either the
type of motor or the emissivity [1]. Vehicle autonomy
seems an underestimated issue, regarded as a curiosity
rather than a (practically certain) direction of development.

Research units and the automotive industry view vehicle
autonomy from the perspective of its commercial potential
— as an opportunity to demonstrate their ability by creating
a mechatronic device with a certain autonomy. However,
several completely new problems have meanwhile ap-
peared: how to control a group of AVs in an autonomous
system? How to process the amount of data generated by
AVs over a single day — an amount equivalent to the con-
tent of the entire Internet? Should such data be processed
locally or globally? The above questions can be answered
from the perspective of the current IT resources: the tech-
nology will not be able to accommodate the traffic generat-
ed by the AV fleet.

The problem has not yet been addressed on a wide scale
(except stress tests by Intel), while the challenges posed by
the autonomous transport of the future include not only the
propulsion system and the emissivity.

Nomenclature

AGV  Automated Guided Vehicles
AV Autonomous Vehicle

IT Information Technology
LiDAR Light Detection and Ranging

EIGRP Enhanced Interior Gateway Routing Protocol OSPF  Open Shortest Path First
GPS  Global Positioning System PRT  Personal Rapid Transit

ICT Information and Communication Technologies RFC  Request for comments

INS Inertial Navigation System RIP Routing Information Protocol
loE Internet of Everything RTF  Reliable Transport Protocol
IPv4  Internet Protocol version 4 WHO  World Health Organization
IPv6  Internet Protocol version 4
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