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An attempt to evaluate the influence of automatedehicles on traffic flow
and design of road infrastructure

Abstract: The article evaluates the impact of autonomoumscles on road infrastructure de-
sign, road traffic conditions and safety based oevéew of existing literature. Levels of driv-
ing automation and equipment of self-driving vedsclvere presented. Attention was drawn
to the benefits of developing communication systémisveen vehicle and the environment.
The possible negative impact of autonomous vehigtesnixed traffic capacity was noted.
The potential needs to adapt the road infrastractoirthe traffic flow of automated vehicles
were also presented. Separation of the lane, dedida self-driving vehicles, with a high
share of these vehicles was presented as an eléma¢iniproves the flow of traffic and safe-

ty.
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Introduction
Nowadays, more and more new vehicles are equippdsystems enabling partial automa-
tion of the driving process. Automotive manufactarare aiming to build fully autonomous
vehicles that will be able to make all decisionsheut the participation of the driver. While
the perspective of cars of such vehicles, whichcaremonly found on roads, still seems quite
distant, it should be noted that vehicles with wdo degree of automation are already in-
volved in traffic and their number is increasingee3ing assistance systems, such as e.g. ac-
tive cruise control, lane assistant, parking asststare amenities that are beginning to be
standard on new vehicles. The increasing degresaofautomation is aimed at improving
safety, increasing traffic flow and making bettsewf road capacity. It is also important to
increase the comfort of traveling, by relieving thever of following the traffic situation and
making decisions, including choosing optimal rou&stonomous vehicles make it easier for
people with reduced mobility to move around.

In connection with the development of technologyha field of vehicle automation, the
following questions arise regarding the occurresicgelf-driving vehicles in road traffic:

* whether the existing road infrastructure is wekpgared for the movement of partly

and fully autonomous vehicles?
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* how automated vehicles can affect traffic safety efficiency?
» whether the current road design rules should bagddhin response to the growing
share of vehicles with varying degrees of autonm&io

Searching for answers to these questions is exlyemeortant in the aspect of the planned
changes in technical and construction regulationsoad engineering and has become the
main inspiration of this article. To better familize the problems of automated vehicle traffic,
the technical characteristics of these vehiclesy tturrent participation in traffic and devel-
opment perspectives were presented. Then, thesisgueshicle communication with the en-
vironment (V2V, V2l systems) and their possible aopon road traffic and road infrastruc-
ture design are discussed.

Characteristics of automated vehicles

The term "autonomous vehicle" suggests the indegpesel of the vehicle control system,
which allows driving without the driver being invald. However, there are 5 levels of auto-
mation that have been specified by SAE Internati¢id. Vehicles with automation level 0
do not have any driver assistance systems, whild Eincludes vehicles that do not require
the presence of a driver and are not equipped twathtional controls. In the case of level 1,
we can only talk about the presence of driver supglements in the vehicle, i.e. an emergen-
cy braking system, maintaining a distance fromvibleicle in front, etc. Levels 2 and 3 define
partially automated vehicles with more advancedesys that process several tasks simulta-
neously. The main difference between them is tlggasdeof involvement of the driver. In the
case of a lower level, the driver must constantbnitor driving, while a vehicle with a level

3 automation may require human intervention, assgraidelay of several seconds needed to
analyze the situation and the driver's responskabtomation applies to level 4 - the vehicle
travels the route by itself, but it is still equembwith the steering system and may require the
driver to take control in exceptional situation§[[2],[19].

Currently, there are no level 4 and 5 automatios asailable on the market, only pro-
totypes of such vehicles exist. However, it shdaddnhoted that cars with a lower level of au-
tomation (levels 2 and 3) are already availablesfale and it can be assumed that their in-
creasing share will have a significant impact csdrtraffic.

Tablel presents the classification of automation levetoeding to SAE [13], where:
* levels 0-2 mean a low level of automation - man aoos the road's space and
surroundings,
* levels 3-5 mean a high degree of automation - sensdhe vehicle monitor the
road space and its surroundings.
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Tab. 1. Levels of automation according to the SAE clasatfon [17]
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the surroun- emergency  si-
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The lack of aur
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Conditional some  driving
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5 mation ﬁ ﬁ ﬁ modes

Autonomous vehicle equipment
An important element of vehicles characterized lngdain degree of automation are sensors
and lasers that enable both independent drivingaa@dlso intended to eliminate human er-
rors in the process of driving such a vehicle. Ohthe systems used in self-driving vehicles
Is a satellite navigation system that receives @odesses the signal from GPS, GLONASS,
Galileo, and Beidou satellites, enabling the ekaaztion to be determined.
In addition, these are used [11],[9]:
* LIDAR lasers - scanning the vehicle environment anehting a three-dimensional
image of this environment,
* radars - determining the distance from other veki@dnd the speed at which they
move,
» cameras - detecting and interpreting, among othergzontal and vertical road mark-
Ing,
» ultrasonic sensors - recognizing components locatdwbrt distance from the vehicle.

Currently, the leading car manufacturers have @ir tbffer vehicles with automation levels 1
and 2, while in the case of level 3 only one maddghe moment meets the adopted assump-
tions of this level. It allows semi-autonomous drgzand does not require constant attention
from the driver [5].

Figurel shows a diagram of the location of sensors andrsaith an automated vehi-
cle.
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1. An example of the arrangement of sensors and te$eio an automated vehicle.
Source: [14]

It can be expected that thanks to the use of mdmgreced systems in the vehicle, the
probability of making a mistake by the driving smstwill be low. Statistics show, however,
that the need for driver intervention during tesvek is not uncommon. According to the
DMV (The California Department of Motor Vehiclegport [18], covering the period from
December 2017 to November 2018, when testing autons vehicles on public roads in
California, the driver took control of the vehidd3 720 times. The total length of road sec-
tions covered by 496 test vehicles of various mactufers was 3 258 074 km. These results
show that further research is needed to develomadhé&ol technologies used in vehicles. It
can also be assumed that sensors and radars asefiigent for vehicles to move in a com-
pletely safe and comfortable way. Systems that lenebmmunication between vehicles -
V2V (vehicle-to-vehicle), as well as between vedscand the environment - V2I (vehicle-to-
infrastructure) and 12V (infrastructure-to-vehiclaje an indispensable element increasing
safety and improving traffic conditions. The V2Vstgm allows the exchange of information
between automated vehicles located close to e&ehn. @y notifying, e.g. about sudden brak-
ing of another vehicle, the driver can react earlpugh to an unusual traffic situation. The
V2l and 12V systems are responsible for the irdeltit cooperation of vehicles and infrastruc-
ture [10],[13].

Fully autonomous cars are currently not yet avéldbr sale, but the proportion of par-
tially automated vehicles is growing, which is allg about 5%, and by 2030 partly and fully
automated vehicles will constitute about 15-18%hefvehicle fleet [2]. Until only unmanned
vehicles are on the road, mixed traffic will be g@et for many years, i.e. traditional and au-
tonomous vehicles.

According to the vision of the European Union, 0% total fatalities on European roads
are to be eliminated, and the implementation of ghan is based on automated mobility, in-
tegrated with the entire transport system. It tsmeted that by 2020 some vehicles with a
higher level of automation (3 and 4) should be labée, e.g. with autopilot on the highway,
or self-parking cars. In [7], attention was paidhe benefits of communication between vehi-
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cles, which will enable intelligent traffic contra@nsuring safety and smooth traffic. For this
reason, it is expected that by 2022 all new capsilshhave an internet connection.

Autonomous vehicle communication systems

Due to the low share of partially automated carsgldate, investments in adapting the infra-
structure to the needs of the functioning of comivation systems between vehicles and the
environment are limited. However, there are alsagd in Europe where the V2X (vehicle-to-
everything) system is tested). This system is alioation of V2V, V2l and V2P systems,
enabling, among others vehicle communication wiffit lights and road signs. Ultimately,

it can be used to control traffic - instead of iotlon loops or cameras, reporting the demand
for a given maneuver at the intersection can beedariomatically by passing information
from the vehicle. Having information about the mof each of the autonomous vehicles ena-
bles optimization of traffic control and more ef@int use of infrastructure [11], [15].

In Vienna, Kapsch TrafficCom proposed a solutionsisting of ensuring connectivity
of vehicles and roadside elements with a centedficrmanagement system that generates
messages for drivers. For this purpose, a radiwar&twith a frequency of 5.9 GHz is used,
which, unlike GSM or GPS, is to guarantee no deiaysansmitting information. The relia-
bility of the networks used for data transmissisrveéry important for traffic safety and effi-
ciency. Notifications, e.g. about emergency brakingpening of airbags, are sent to a central
traffic management system, are analyzed and caselieto other traffic participants. Infra-
structure communication with vehicles also makgso#sible to inform about obstacles and
accidents. The discussed solution is tested inndeand Prague, and ultimately it is to oper-
ate on all roads, the so-called "European Corrifis].

Systems enabling communication between vehiclesiranaistructure are necessary,
from a safety point of view, to complement the sessand radars in which vehicles are
equipped. It should be noted that in case of aéversather conditions, rainfall or improper
maintenance of vertical and horizontal signs, tmeag be a problem with the identification of
the marking by cameras placed in the vehicle. wond obtained thanks to them is pro-
cessed into a series of still images. Then thergalthe edge detection process, which con-
sists of identifying points at which the brightnedshe image suddenly changes. Studies [12]
were carried out, which show that the use of ling@diction, which predicts future signal
values based on past and present values, allowgdtbgnition of the STOP sign even in dif-
ficult weather conditions and with partial snowiafjthe sign. Work is still ongoing on an
effective and reliable recognition system for otblearacters, e.g. speed limits.

Zones, potentially problematic for autonomous viglsic may be intersections and
roads on which traffic lanes are not marked witie$i or marking is not properly maintained.
For this reason, communication between vehiclestatdieen vehicles and infrastructure is
particularly important. Creating databases in whidbrmation on roads and their surround-
ings would be digitally recorded would allow for receffective vehicle control due to the
smaller amount of data analyzed in real-time andieation of the problem related to mark-
ing identification [6]. However, such a solutiorquéres considerable financial outlays and it
may take many years before it becomes common.

Autonomous vehicles vs. infrastructure design ands capacity

It is assumed that autonomous vehicles will ultehaincrease road capacity and traffic flow
and enable more economical road infrastructuregdefd], [2], [11]. However, before the
traffic will be dominated by self-steering vehiclesey will probably coexist with conven-
tional vehicles for several dozen years. Therefquestions arise as to how this situation will
affect road capacity and how should the currend inastructure be adapted to the transition
period?
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In [5] the potential impact of autonomous vehiaescapacity was analyzed depending on the
share of these vehicles in traffic. It was assutnagduce the time between fully autonomous
vehicles to 0.5 s, with average intervals maintaibg drivers of conventional vehicles equal
to 1.15 s. In the case of "self-driving vehicleongentional vehicle" the time interval between
them would be 0.9 s because of the comfort of aveational vehicle driver. The results of
the analyzes, taking into account the above assangptindicate the possibility of a signifi-
cant increase in capacity with the increasing sbéetonomous vehicles (e.g. by about 40%
with the share of autonomous vehicles in traffica@dgo 70%). It should be noted, however,
that with their share lower than 50% the capaaityreases very slowly (with a 50% share
there is an increase of about 20%), while abov&thiue the increase is much faster and can
reach 75% for fully autonomous traffic.

Given the possible increase in capacity with a lgbportion of automated vehicles,
segregation of self-driving and conventional vedsdby separating the lanes dedicated only to
autonomous vehicles seems to be beneficial. Dueatfic uniformity, it is possible to in-
crease traffic flow and improve safety by avoidpwentially collision or accident situations
in mixed traffic. A lane dedicated to autonomousigkes would allow driving at the same
speed while maintaining a constant spacing betvlesm.

Unlike self-driving vehicles, the speed at whicmeentional vehicles move, the inter-
vals between them, as well as the way drivers dareevaried and largely result from the in-
dividual characteristics of the drivers. Thus, ndixeaffic can cause problems with the appro-
priate response of autonomous vehicle control syste unusual actions taken by drivers. On
the other hand, drivers may negatively perceivedifidng style of self-driving cars, which
by adapting to speed limits can create columnsaradifficult to overtake. The legal aspect
is not without significance - it is necessary teate provisions regulating the principles of
decision making by control systems that are astmtiaith ethical dilemmas and indicating
the entity responsible for any accidents [11]. Dtesiine clear benefits arising from the segre-
gation of autonomous and traditional vehicles,aswointed out in [2] that with a small share
of the former, the separation of lanes intendeg @1l autonomous traffic would be economi-
cally unjustified. In [3] an analysis was carriaat,ovhich shows that with the participation of
autonomous vehicles less than 20%, the use of atepmnes is not recommended. On the
other hand, the tests described in [20] indicas tthis beneficial to separate the lane in the
case of 40% share of autonomous vehicles in traff@0%, assuming higher speed limits in a
separate lane, concerning the speed limit for ticadhl vehicles.

One example of a study on the impact of partialispmated vehicles on road traffic is
the study described in [2]. As part of this resbaecsimulation model of a 3-lane motorway
section was built, on which mixed traffic was asediwith different participation of vehicles
with a low level of automation. It was noted thatthe case of mixed traffic, partially auto-
mated vehicles, with their share less than abo¥i,80@ay have a slightly negative effect on
capacity (a decrease in capacity by 1-7% depenadiinthe assumed time intervals between
vehicles). The main reason for the deterioratiotraffic conditions is for partially automated
vehicles to maintain larger gaps between the pesec if the driver must take over control.
The research described above raises the questwhether considering the transition period
with the coexistence of conventional and automatelicles, should the infrastructure be
changed to better adapt it to the specifics of &dixtraffic? As previously noted, lane separa-
tion only for self-steering vehicles can only besteeffective if they become more common.
Even though the transitional period will continwe many years, it does not seem necessary
to expand the infrastructure dedicated to automaéducles. The possible decrease in road
capacity in the presence of 'mixed' traffic is mstied in many studies as insignificant. It
should be noted, however, that such estimatesaaedon many assumptions and simplifica-
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tions that are difficult to verify by performing @mical studies (low share of these vehicles in
motion).

Ultimately, autonomous vehicles are to enable nem@nomical lane design, which
may be narrower than for conventional vehiclesdnnection with the above, it may be nec-
essary to undergo verification of the design metbbdhe road pavement structure. Self-
driving vehicles will move on a strictly designatedving path, constantly loading the struc-
ture on the same track. It is different in the calseonventional vehicles, for which it is nec-
essary to design wider lanes, but the loads atgldlited more unevenly, due to the different
driving patterns of drivers. With the increasingushof autonomous vehicles in traffic, they
can harm the fatigue life of the pavement.

The condition of the road surface is an importactdr affecting driving comfort and
safety. An autonomous vehicle should be able tatijeany damage and adjust its speed
depending on the conditions. Tire concepts witlerfibptic sensors are already emerging to
monitor road conditions and combine the data reckivith information from V2V and V2I
communications [15]. Such a system makes it pasdibladjust the speed, depending on
weather conditions, which have a significant impatthe braking distance.

An important aspect that should be considered enabntext of adapting the infra-
structure to autonomous vehicle traffic is pedastrsafety. The vehicle can identify these
road users using two methods. The first is detealiging sensors and lasers mounted in the
vehicle. An important limitation of such detectiathe need for good visibility, otherwise,
there is no certainty that the sensor system wolkweorrectly. Therefore, pedestrians coming
out from behind the visibility limiting element ¢g.passing between parked vehicles) may not
be successfully identified. The second method sebtan wireless communication between
the vehicle and the pedestrian and assumes thef Wg&-i network extension (IEEE 802.11p)
or cellular networks (3G, LTE). In [1], it was ndt¢hat the use of current communication
technologies to develop V2P (vehicle-to-pedestri@anmunication does not require infra-
structure investment. A smartphone belonging teedeptrian would automatically send in-
formation about its current position and speed of@ment, as well as additional data such as
route history or maximum pedestrian speed. Theafissdvanced filtering, using data ob-
tained from pedestrians and vehicles, would alloWision risk assessment. If it turned out to
be high, threat information would be sent to bbh vehicle and the pedestrian's smartphone.
Restrictions on this method apply to the pedessiaeed to have a smartphone and battery
life [4]. The combination of both methods increapeslestrian safety and does not require
additional infrastructure investments.

Another important aspect related to the interacbetween pedestrians and autono-
mous vehicles is the definition of the driving natof self-driving vehicles. Assuming a more
aggressive driving style (smaller spacing betwesmales, giving way to pedestrians only if
necessary), they can cause a decrease in safetg, fatha more conservative driving style
(greater spacing between vehicles, giving way tdeptians in any case) can traffic condi-
tions deteriorate. Therefore, research is needatketermine the optimal control parameters
from the point of view of safety and traffic condits.

The growing share of level 3 and 4 automated vekichay affect the applicable rules for
road infrastructure design. Talfepresents design problems and the potential implattie
growing share of automated vehicles on design. Fhatement shows that the scope of
changes in the rules of road infrastructure desgidihbe determined by the pace of vehicle
fleet change and the development of assistancersgsn vehicles. Due to the large share of
international transit traffic, it will also be vemnportant to harmonize certain design require-
ments resulting from the automation of vehiclesadfuropean scale.
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Tab. 2, The potential impact of automated vehicles ol io&astructure design
DESIGN PROBLEM POTENTIAL IMPACT ON DESIGN
Possibility to define a specific value of desigeeq for individ-
ual sections of a given road class, designing relznents
adapted to this speed as the maximum

Possibility of linking the design speed value wikle optimal
flow of the vehicle stream, i.e. maximizing the aejty (the
effect of maintaining smaller distances by autonesneehicles,
greater uniformity of traffic)

No need to define and determine the authoritatpeed due to
the known maximum speed at which autonomous vehieié
travel

Reducing the width of lanes, especially at highesige(taking
into account the requirements arising from the disiens of
vehicles authorized for traffic on a given road)

The possibility of individual design with local aditions (auto-
matic identification of geometrical parameters loé road with
adjustment of speed to these parameters)

No need to specify the maximum length of the striaggction
(no threat of monotony of driving and the needtfa driver to
estimate the speed of vehicles moving from the sippalirec-
tion)

Indirect impact through the ability to individuallgefine the
design speed within an intersection

The possibility of reducing the distance of sidestables from
the road edge

No need to use barriers due to the minimizatiothef number
of accidents (occurrence of potentially dangeroiisagons,

only in the event of a failure of the control sysjeon the other
hand, the lack of safety-related devices can Hedlif to accept
by people traveling in an autonomous vehicle (aspafcsubjec-
tive risk assessment)

The need to maintain the surface in good conditibue to the
inability of the driver to assess its condition awhpt the speed
to the conditions or the use of sensors that byigitng infor-
mation, using communication systems (12V), regaydire cur-
rent condition of the surface, would allow indivadwspeed ad-
aptation and determination of the braking distances

Repeatability of loads within narrow bands requsggsngthen-
ing of a pavement structure

Possibility of limiting the required visibility diance to stop by

automatic identification of sections with speedifintaused by
lack of visibility

Adapting visibility requirements to detection caitisibs by
sensor and laser systems
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Conclusions

Currently, autonomous vehicles with different levef automation represent a small percent-
age of all road users, but an increase in theuréuparticipation seems inevitable. Such de-
velopment is supported, among others by EuropeaonUpolicy [7]. Therefore, justified
guestions arise about the potential impact of thed@cles on traffic and the design and
maintenance of road infrastructure.

Many studies indicate that basing the control sysselely on signals from sensors
and lasers placed in the vehicle may be insufftdenthe safety and efficiency of movement.
Attention is also drawn to possible difficultiesigtentifying signs resulting from inadequate
road maintenance or difficult weather conditiongefiefore, investments are necessary for the
development of a vehicle communication system wittastructure that would allow a real-
time exchange of information and access to a maégbdae containing reliable data on the
road and its surroundings.

A transition period during which mixed traffic olitonomous and conventional vehi-
cles will occur is considered very difficult. Theam problems of this coexistence concern
road safety and capacity. Only with a high promortof self-driving vehicles, an increase in
the capacity of roads and intersections can besaetli while in the case of a low proportion
of partially automated vehicles, a small decreasgpacity may occur. For traffic safety, it is
important to introduce legal regulations definihg entity responsible for decisions taken by
autonomous vehicle control systems.

Ultimately, the expansion of autonomous vehiclewisnable more economical road
infrastructure design. The occurrence of mixeditradf autonomous and conventional vehi-
cles does not require major changes in the existiathods of road infrastructure design, alt-
hough deterioration of traffic conditions duringettransition period with a predominant share
of conventional vehicles can be expected. The imolub increasing safety and improving
traffic flow in the mentioned period can be bel&latated only to self-driving vehicles. How-
ever, their separation from existing road crosgises, at the expense of reducing the number
of lanes for conventional vehicles, is justifiedyoim the case of a large proportion of auton-
omous vehicles in traffic exceeding 30-40%.
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